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Abstract: Explaining the tiny neutrino masses and non-zero mixings have been one of the
key motivations for going beyond the framework of the Standard Model (SM). We discuss
a collider testable model for generating neutrino masses and mixings via radiative seesaw
mechanism. That the model does not require any additional symmetry to forbid tree-level
seesaws makes its collider phenomenology interesting. The model includes multi-charged
fermions/scalars at the TeV scale to realize the Weinberg operator at 1-loop level. After
deriving the constraints on the model parameters resulting from the neutrino oscillation data
as well as from the upper bound on the absolute neutrino mass scale, we discuss the produc-
tion, decay and resulting collider signatures of these TeV scale fermions/scalars at the Large
Hadron Collider (LHC). We consider both Drell-Yan and photoproduction. The bounds from
the neutrino data indicate the possible presence of a long-lived multi-charged particle (MCP)
in this model. We obtain bounds on these long-lived MCP masses from the ATLAS search for
abnormally large ionization signature. When the TeV scale fermions/scalars undergo prompt
decay, we focus on the 4-lepton final states and obtain bounds from different ATLAS 4-lepton
searches. We also propose a 4-lepton event selection criteria designed to enhance the signal
to background ratio in the context of this model.
Keywords: Radiative neutrino mass, LHC, Photon-fusion, Multi-lepton signature, long-
lived multi-charged particles, highly ionizing charge track signature.
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1 Introduction
The Standard Model (SM) based on the gauge symmetry SU(3)C × SU(2)L × U(1)Y is a
successful description of fundamental particles and interactions. Almost all the predictions
of the SM have been verified experimentally. However, there are two important experimental
observations (among many others) that compel us to think of the SM as a low energy theory
requiring new physics at a high scale. These are the existence of the dark matter in the
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universe, and the tiny non-zero masses of the neutrinos and their mixings. The SM has
no candidate for the dark matter. While the simplest way to generate neutrino masses is
to add right-handed neutrino fields to the SM particle content, it is hard to explain their
extreme smallness. These issues have led to a plethora of new dynamics beyond the SM. The
Large Hadron Collider (LHC) at CERN is aiming to uncover any such dynamics that may be
operative at the scale of a few TeVs.
Neutrino masses are at least six orders of magnitude smaller than the next lightest stan-
dard model fermion. Such a small mass could be understood if neutrinos are Majorana
particles1 and Majorana masses for neutrinos are generated from higher dimensional opera-
tors which violate lepton number by two units. The most studied example of such an operator
is the dimension-5 Weinberg operator [1]:
O5 = cαβ
Λ
(
¯LCαLH˜
∗
)(
H˜†LβL
)
+ h.c.,
where, α, β are the generation indices, LL = (νL, lL)
T is the left-handed lepton doublet
of the SM, H = (h+, h+iη√
2
)T is the Higgs doublet and H˜ = iσ2H
∗. Λ is the scale of new
physics and cαβ is a model-dependent coefficient. Weinberg operator gives rise to Majorana
masses (suppressed by Λ) for the neutrinos after electroweak symmetry breaking (EWSB).
At tree level, there are only three ways to generate the Weinberg operator, namely, the type-I
[2–6], the type-II [7–13] and the type-III [14] seesaw mechanisms. In the framework of tree-
level seesaw models, the smallness of neutrino masses (mνs) is explained via new physics
at a very high scale of Λ. For instance, assuming cαβ ∼ O(1), mν ∼ 0.1 eV requires new
physics at a scale Λ ∼ 1014 − 1015 GeV which is impossible to probe in the ongoing as well
as proposed collider experiments. However, there are two alternative classes of models in
which O5 is forbidden at tree level and neutrino masses are generated radiatively [15–48] or
from a tree-level effective operator with d > 5 [49–56]. The additional suppression to the
neutrino masses, arises from the loop integrals (in case of former) or higher powers of Λ in
the denominator (in case of later), brings down the new physics scale Λ to TeV scale and
hence, makes these models testable at the LHC. Radiative neutrino mass generation scenarios
often require a Z2 symmetry to forbid the tree-level contribution(s) to the Weinberg operator.
Apart from forbidding the generation of neutrino masses at the tree-level, the Z2 symmetry
also ensures the stability of the lightest Z2-odd particle which (if weakly interacting) could be
a cosmologically viable candidate for cold dark matter (CDM) [57–72]. However, in collider
experiments, a stable weakly interacting particle remains invisible and hence, contributes to
the missing transverse energy (ET/ ) signature. Presence of ET/ in the final state poses serious
problems in the reconstruction of the new particles masses as well as in the discovery of the
new physics (NP) signatures over the SM backgrounds. On the other hand, the models, which
do not require a Z2 symmetry to forbid O5 at tree-level, lack the motivation of a candidate for
1It is important to note that the current experimental data (from neutrino oscillation as well as scattering
experiments) is inconclusive in determining the Dirac or Majorana nature of neutrinos as well as the mechanism
of neutrino mass generation.
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CDM. Such models, however, give rise to smoking-gun signatures at the collider experiments
and hence, are easily testable at the LHC.
In this article, we have studied the detailed phenomenology of a model that generates
neutrino masses at the 1-loop level. In the framework of the SM gauge symmetry, the model
includes two new scalar SU(2)L-doublets (Φ 5
2
and Φ 3
2
), one scalar singlet (k) and at least two2
copies vector-like fermion singlets (E). The aim is to generate Weinberg operator (O1-loop5 ) at
1-loop level3 via T1-i topology [48]. To ensure the loop diagram(s) as the leading contribution
to the neutrino masses, one needs to forbid the couplings which lead to O5 at tree-level. For
instance, in this model, the Yukawa couplings involving the newly introduced singlet fermions
and SM lepton and Higgs doublets give rise to Otree5 via Type-I seesaw mechanism. Charging
matter fields under a Z2 symmetry is enough to forbid such couplings. Alternatively, one can
carefully choose the hypercharges4 of the singlet fermions (YE) to forbid such couplings. In
the context of this particular scenario, YE±YL±YH 6= 0 or equivalently, YE 6= 0 or ±1, where
YL,H is the hypercharge of the SM lepton(Higgs) doublet, is enough to forbid Type I seesaw
mechanism. Our choice YE = 2 results into doubly charged singlet fermions (E
++) in the
model. The generation of non-zero neutrino masses at 1-loop via T1-i topology requires the
following hypercharge assignments for the doublet and singlet scalars: YΦ 3
2( 52)
= 32
(
5
2
)
and
Yk = 2, respectively (see Ref. [48] for details). These particular hypercharge assignments for
the newly introduced doublets and singlets result in TeV scale multi-charged scalars (triply,
doubly and singly charged) and fermions (doubly charged) in the model. In this article, we
have studied collider signatures of these multi-charged scalars and fermions at the LHC with
13 TeV center-of-mass energy.
Single production of these multi-charged scalars and fermions at the LHC are suppressed.
However, they can be pair produced via quark anti-quark fusion (Drell-Yan production) or
photon-photon fusion (photoproduction). The parton densities of quarks and anti-quarks
are significantly larger than the photon density5 and thus, photoproductions of charged
scalar/fermions pairs are neglected in the phenomenological studies [73–79] as well as by
the experimental groups [80–87]. However, it is important to note that at the Born level,
photoproduction cross-section of a multi-charged (with charge Q) particle is enhanced by a
factor of Q4. Moreover, being t(u)-channel process, photoproduction falls relatively slowly
with the parton center-of-mass energy compared to the s-channel Drell-Yan (DY) process.
2Neutrino oscillation data indicates towards non-zero masses for atleast two neutrinos.
3Weinberg operator at the 1-loop level has already been studied in details in the literature. In Ref. [48], 12
topologies, which contribute to the Weinberg operator at 1-loop level, have been identified. For each topology,
there are several alternatives (models) for assigning different types (scalar or fermion) of fields running in the
loop. A complete list of all these models leading to O1-loop5 can also be found in Ref. [48].
4The electric charge (Q) is given by Q = I3 + Y , where I3 is the third component of isospin.
5It is important to note that αEM is of the same order of magnitude as α
2
strong. Therefore, in the era of
precision phenomenology at the LHC when the PDFs are already determined up to NNLO in QCD, consistency
of calculations require PDFs which are corrected at least up to NLO QED. Next-to-leading order (NLO) QED
corrections require photon as a parton inside the proton, with an associated parton distribution function
(PDF).
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The importance of the photoproduction has already been pointed out in the recent literature
[88–97] and it has been shown that in the larger mass region, photoproduction of Q > 1
fermions/scalars could be significant/dominant compared to the conventional DY produc-
tion. Therefore, in this work, we have considered both DY and photoproduction of the
(multi-)charged scalars/fermions.
After being produced at the LHC, the multi-charged scalars/fermions decay into the
SM leptons and/or bosons (W±, Z, and Higgs). The resulting signature is characterized by
multiple leptons (including 3,4,5,6 leptons, same-sign dilepton e.t.c.) final state. The decays of
the (multi-)charged scalars/fermions usually proceed through the Yukawa couplings involving
these new scalars/fermions and the SM leptons. It is important to note that such Yukawa
couplings also contribute to the loop diagram(s) generating the neutrino masses and hence,
required to be small. Therefore, depending on the choice of parameters, the total decay width
of these multi-charged particles (MCPs) could be small enough (ΓTOT < 10
−16) to ensure the
decay of these particles outside the detector. The energy loss of the charged particles inside
the detector increases quadratically with its charge [98] and hence, long-lived MCPs are
expected to leave a very characteristic signature of high ionization in the detector (especially,
in the pixel detector, transition radiation tracker and muon chamber) [87, 99–101]. Recently,
in Ref. [87], the ATLAS collaboration has presented a search for abnormally large ionization
signature to constrain scenarios with long-lived MCPs at the LHC with
√
s = 13 TeV and
36.1 fb−1 integrated luminosity. Such constraints may also be applicable in our model for
MCPs with ΓTOT < 10
−16 GeV. On the other hand, if the total decay widths are large enough
ΓTOT > 10
−13 to ensure prompt decays of the scalars/fermions, the model gives rise to multi-
lepton signatures at the LHC. We have studied 4-leptons final state in detail. Different other
new physics scenarios also give rise to 4-leptons final state at the LHC. This final state is
particularly interesting due to negligible background contributions from the SM and hence,
have already been studied by the ATLAS [102–106] and CMS [107–111] collaborations in the
context of different new physics scenarios. We have used existing ATLAS searches [102, 105]
for 4-lepton final states to constraint the parameter space of this model. To enhance the reach
at the LHC, we have also proposed a set of event selection criteria optimized for our model.
This paper is organized as follows. The next section is devoted to the introduction of
the model and the discussion about the generation of the neutrino masses at the 1-loop level.
In section 3, we studied the collider phenomenology of the doubly charged fermions at the
LHC with 13 TeV center-of-mass energy. The production, decay, and collider signatures of
the scalars are presented in section 4. We finally conclude in section 5.
2 The Model
To realize Weinberg operator at 1-loop level, the model incorporates new SM SU(2)L singlet
fermions (E++α , where α = 1, 2 and 3) as well as a singlet scalar (k
++) and two doublet
scalars (Φ 3
2
and Φ 5
2
) in the framework of the SM gauge symmetry. The field content along
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with their gauge quantum numbers are summarized in the following:
GSM = SU(3)C × SU(2)L × U(1)Y
Fermions: QαL =
(
uα
dα
)
L
∼ (3, 2, 16), LαL = (ναeα
)
L
∼ (1, 2,−12)
uαR ∼
(
3, 1, 23
)
, dαR ∼
(
3, 1,−13
)
, eαR ∼ (1, 1,−1)
E++αL(R) ∼ (1, 1, 2)
Scalars: H =
(
h+
h+iη√
2
)
∼ (1, 2, 12)
Φ 3
2
=
(
φ++3
2
φ+3
2
)
∼ (1, 2, 32), Φ 52 =
(
φ+++5
2
φ++5
2
)
∼ (1, 2, 52)
k++ ∼ (1, 1, 2)
Table 1: Field content of the model along with their gauge quantum numbers:
(SU(3)C , SU(2)L, U(1)Y ) is presented where α = 1, 2, and 3 is the generation index and
the electric charges are determined by Q = T3 + Y.
The gauge interactions of the newly introduced scalars/fermions with the SM gauge
bosons (W±, Z and photon) can be obtained from the kinetic part of the Lagrangian,
Lkin ⊃
(
DµΦ 3
2
)† (
DµΦ 3
2
)
+
(
DµΦ 5
2
)† (
DµΦ 5
2
)
+
(
Dµk
++
)† (
Dµk++
)
+ E++α iγ
µDµE
++
α , (2.1)
where, the gauge covariant derivative Dµ is given by, Dµ = ∂µ − igτaW aµ − ig′Y Bµ for
SU(2)L doublets and Dµ = ∂µ − ig′Y Bµ singlets with W aµ and Bµ being the gauge bosons
of SU(2)L and U(1)Y , respectively. Here, g and g
′ are the gauge couplings corresponding to
SU(2)L and U(1)Y , respectively, Y is the hypercharge and τ
as are the generators of SU(2)L
doublet representation. Assignment of the gauge quantum numbers (see Table 1) allows
Yukawa interactions involving the doubly charged singlet fermions, the SM lepton doublets
and Y = 32
(
5
2
)
scalar doublet. The couplings involving the doubly charged singlet scalar
(k±±) and a pair of SM singlet leptons are also allowed. The relevant parts of the Yukawa
Lagrangian are as follows:
LYukawa ⊃ mαβE E++α E++β + yαβ3
2
LαLΦ 3
2
(
E++βL
)C
+ yαβ5
2
LαLiσ2Φ
∗
5
2
E++βR
+ yαβk eαRk
−− (eβR)C + h.c., (2.2)
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where, C stands for charge conjugation, α and β are the generation indices, y 3
2(
5
2)
and yk are
Yukawa matrices and mE is the mass matrix for the vector-like doubly charged fermions. All
these matrices are, in general, complex 3×3 matrices. However, one has the freedom to choose
a basis for E++α in which, mE is diagonal with real positive diagonal elements. It is important
to note that y 3
2(
5
2)
contributes to the neutrino masses at the 1-loop level. On the other hand,
yk allows the decay of doubly charged scalars into a pair of SM charged leptons and hence,
determines the phenomenology at the LHC. Apart from the usual quadratic (mass terms) and
quartic terms involving the new doublet (Φ 3
2(
5
2)
) and singlet (k++) scalars, the most general
renormalizable gauge invariant scalar potential also includes following phenomenologically
important terms:
V(H,Φ 3
2
,Φ 5
2
, k++) ⊃ µ
(
HT iσ2Φ 3
2
)
k−− + µ′
(
H†Φ 5
2
)
k−−
+ λ
(
HT iσ2Φ 3
2
)(
HTΦ∗5
2
)
+ c.c. (2.3)
The cubic and quartic terms in Eq. 2.3 are not only important for generating the neutrino
masses at the 1-loop level but also determines the collider signatures of this model via control-
ing the mixings among the doubly charged scalars (φ++5
2
, φ++3
2
and k++). After the electroweak
symmetry breaking (EWSB), the mass Lagrangian for the multi-charged scalars (MCS) can
be written as,
LMCSMASS = m23
2
(
φ+3
2
)†
φ+3
2
+ m25
2
(
φ3+5
2
)†
φ3+5
2
+
(
φ++5
2
φ++3
2
k++
)∗
m25
2
−λv22 µ
′v√
2
−λv22 m23
2
− µv√
2
µ′v√
2
− µv√
2
m2k


φ++5
2
φ++3
2
k++
 , (2.4)
where, v is the vacuum expectation value (VEV) of the SM Higgs doublet and m23
2(
5
2)
and m2k
are the coefficients of the quadratic terms involving hypercharge 32
(
5
2
)
doublet and doubly
charged singlet, respectively. The tree-level masses for the singly (φ+3
2
) and triply (φ3+5
2
)
charged scalars are given by m 3
2
and m 5
2
, respectively. Whereas, the mass squared of the
physical doubly charged scalars (denoted as H++1 , H
++
2 and H
++
3 ) are given by the eigen
values (m2H1 , m
2
H2
and m2H3) of the doubly charged scalar mass matrix (denoted by MDCS
and given by the matrix in the last term of LMCSMASS) which is a 3×3 real symmetric matrix and
hence, can be diagonalized by a orthogonal matrixO: OMDCSO
T = diag
(
m2H1 , m
2
H2
, m2H3
)
.
The physical doubly charged scalars are given by,
H++a = Oa1φ
++
5
2
+Oa2φ
++
3
2
+Oa3k
++, (2.5)
where, a 3 1, 2, 3. A list of Feynman rules which are relevant for rest of the article, are
– 6 –
E−−
k−−
φ−−3
2
φ−−5
2
µ µ′
< H > < H >
νLνL
y 3
2
y 5
2 E
−−
φ−−3
2
φ−−5
2
λ
< H > < H >
νLνL
y 3
2
y 5
2
Figure 1: Feynman diagrams generating neutrino masses at 1-loop level.
presented in Appendix A.
2.1 Neutrino Masses at 1-loop level
In the framework of this model, Weinberg operator is generated at 1-loop level via the Feyn-
man diagrams depicted in Fig. 1. Neutrinos get Majorana masses after the EWSB. Simulta-
neous presence of Yukawa couplings y 5
2
and y 5
2
violates lepton number conservation in this
model. The contributions of the box (Fig. 1 left panel) and triangle (Fig. 1 right panel)
diagrams to the neutrino mass matrix mν can be computed as,
mν

〈H〉2 =
µµ′
16pi2 v2
(
yT5
2
M−1 y 3
2
+ yT3
2
M−1 y 5
2
)
and
mν
∆
〈H〉2 =
λ
16pi2
(
yT5
2
M−1∆ y 3
2
+ yT3
2
M−1∆ y 5
2
)
,
(2.6)
respectively, where, M−1 and M
−1
∆ are 3× 3 matrices given by,
(
M−1
)αβ
=
3∑
a,b,c=1
(Oa1Ob2Oc3)
2mαβE I4
(
mαβE ,mHa ,mHb ,mHc
)
,
(
M−1∆
)αβ
=
3∑
a,b=1
(Oa1Ob2)
2mαβE I3
(
mαβE ,mHa ,mHb
)
. (2.7)
mαβE is the element of vector-like doubly charged fermion mass matrix (defined in LY ukawa)
and I3(m
αβ
E ,mHa ,mHb) and I4(m
αβ
E ,mHa ,mHb ,mHc) are the loop integral factors given by,
I3(mA,mB,mC) =
m2Aln
(
m2C
m2A
)
(
m2A −m2B
) (
m2A −m2C
) + m2Bln
(
m2C
m2B
)
(
m2B −m2A
) (
m2B −m2C
) ,
1
v2
I4(mA,mB,mC ,mD) =
m2Aln
(
m2D
m2A
)
(
m2A −m2B
) (
m2A −m2C
) (
m2A −m2D
)
– 7 –
+
m2Bln
(
m2D
m2B
)
(
m2B −m2A
) (
m2B −m2C
) (
m2B −m2D
)
+
m2C ln
(
m2D
m2C
)
(
m2C −m2A
) (
m2C −m2B
) (
m2C −m2D
) .
It is important to note that one can always go to a particular E++α basis where mE is diagonal
with positive entries. Therefore, in this basis, M−1 and M
−1
∆ are also diagonal. Defining
MD =
〈H〉2
16pi2
(
µµ′
v2
M−1 + λM
−1
∆
)
= diag (M1,M2,M3), the loop induced neutrino mass
matrix is given by,
mν =
(
yT5
2
MDy 3
2
+ yT3
2
MDy 5
2
)
= U∗MNSDνU
†
MNS , (2.8)
where, Dν = diag (m1,m2,m3) with m1, m2 and m3 being the masses of the SM neutrinos
and UMNS is the Pontecorvo–Maki–Nakagawa–Sakata matrix [112, 113] determined by 3-
angles and 3-phases (one Dirac phase and two Majorana phases). Note that in the low energy
effective theory, neutrino mass matrix is determined by 9-parameters (3 neutrino masses, 3
mixing angles and 3 phases). Whereas, the number of parameters appearing from the high-
energy theory are much larger. In the basis where the SM charged lepton mass matrix and
mE are diagonal, y 3
2
and y 5
2
contain 33 independent real parameters6 and mE is determined
by 3 additional parameters. However, not all the 36 parameters are independent in the con-
text of the particular structure of the neutrino mass matrix in Eq. 2.8. In particular, 3 more
parameters can be eliminated by resealing the columns of the Yukawa matrices y 3
2
and y 5
2
.
Therefore, the light neutrino mass matrix is determined by 33 effective parameters at the
high-scale. Since the number of parameters in the high-energy theory is much larger than the
number of parameters describing low-energy neutrino phenomenology, proper parameteriza-
tion [114–116] of Yukawa matrices (y 5
2
and y 3
2
) is required to ensure consistency of the model
with the available results from the neutrino oscillation experiments. In this regard, Eq. 2.8
can be re-written as,(
D−1√
ν
)T
UTMNSy
T
5
2
MT√
D
M√Dy 32UMNSD
−1√
ν
+
(
D−1√
ν
)T
UTMNSy
T
3
2
MT√
D
M√Dy 52UMNSD
−1√
ν
= I3×3,
where, M√D = diag
(√
M1,
√
M2,
√
M3
)
and D−1√
ν
= diag
(
m
− 1
2
1 ,m
− 1
2
2 ,m
− 1
2
3
)
. The most
general form of matrices Y 3
2
and Y 5
2
which are consistent with the physical, low-energy neutrino
parameters like, the three light neutrino masses (m1, m2 and m3) and mixing angles as well
as phases (contained in UMNS), are given by,
M√Dy 52UMNSD
−1√
ν
= A ⇒ y 5
2
= M−1√
D
AD√νU
†
MNS ,
6y 3
2
and y 5
2
are 3× 3 complex matrices and hence, contain 18 real parameters each. However, 3 phases are
unphysical and can be eliminated by a phase redefinition of the SM left handed lepton doublet (LαL).
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M√Dy 32UMNSD
−1√
ν
= B ⇒ y 3
2
= M−1√
D
BD√νU
†
MNS , (2.9)
where, A andB are arbitrary 3×3 complex matrices subjected to the conditionATB +BTA = I3×3.
In Eq. 2.9, the 33 parameters (contained in y 3
2
, y 5
2
and M−1√
D
) introduced at the high-scale
can be counted as 9 parameters in the SM neutrino sector (contained in D√ν and UMNS) plus
24 additional parameters contained in the matrices A and B. It is important to note that in
the limit y 3
2
= y 5
2
, the parameterization in Eq. 2.9 reduce to Casas-Ibarra parameterization
proposed in Ref. [114, 115]. After introducing the model and discussing the phenomenology
in the context of neutrino masses and mixings, we are now equiped enough to discuss the
collider phenomenology of this model. We have studied the collider phenomenology in the
context of a simplified version of this model which will be discussed in the next section.
2.2 Simplified version of the model for collider phenomenology
In the previous section, we have considered 3-generations of doubly charged singlet fermions
which are required to explain the observed data from neutrino oscillation experiments. How-
ever, in the context of collider phenomenology, we can easily restrict ourselves to the case
of only one doubly charged singlet fermion (denoted by E++). Note that in the presence of
more doubly charged fermion, it will be the lightest one which contributes dominantly to the
collider signatures. With only one generation of doubly charged fermion in the scenario, the
3× 3 Yukawa matrices y 3
2
and y 5
2
in Eq. 2.2 reduce to 1× 3 vectors,
y 5
2
=
(
yeE5
2
, yµE5
2
, yτE5
2
)
, and y 3
2
=
(
yeE3
2
, yµE3
2
, yτE3
2
)
,
and the doubly charged fermion mass matrix mE is now a scalar. We further assumed real
7
y 5
2
, y 3
2
and yk which couple to all three generations of the SM leptons with equal coupling
strength (lepton flavour universality) i.e.,
yeE5
2(
3
2)
= yµE5
2(
3
2)
= yτE5
2(
3
2)
= f 5
2(
3
2)
and yk = fk I3×3,
where f 5
2(
3
2)
and fk are real numbers. The loop induced neutrino masses (see Eq. 2.6) are
determined in terms of the Yukawa couplings f 5
2(
3
2)
, the tri-linear (µ and µ′) and the quartic
(λ) scalar couplings (introduced in the scalar potential in Eq. 2.3) as well as the masses of the
heavy fermions/scalars. Therefore, the allowed values of f 5
2(
3
2)
, µ, µ′ and λ are constrained
from the upper limit on the absolute neutrino mass scale (
∑
mνi = m1 +m2 +m3), defined
as the sum of the masses of the neutrino mass eigenstates. Cosmological observations provide
the strongest upper bound of about 0.2 eV [117, 118] on
∑
mνi . For TeV scale masses of
the heavy fermion (E++) and scalars (φ3+5
2
, φ+3
2
and H++i ), M
−1
 and M
−1
∆ in Eq. 2.6 are of
7We do not consider the phases of the Yukawa couplings (f 5
2 (
3
2 )
and yk) nor the ones of the PMNS matrix,
UMNS . Note that the phases of the Yukawa couplings do not play any significant role in the context of collider
phenomenology.
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Figure 2: The regions of parameter-space (µ–λ plane) which is consistent with upper bound ( 0.2 eV) on
the absolute neutrino mass scale are depicted for three different values of the Yukawa couplings. For simplicity,
we have assumed µ = µ′ and f = f 5
2
= f 3
2
.
the order of TeV−1 and hence, mν and m∆ν lighter than 0.1 eV require both
µµ′
16pi2 v2
f 5
2
f 3
2
and
λ
16pi2
f 5
2
f 3
2
< 10−12, respectively. Assuming µ = µ′ and f 5
2
= f 3
2
, in Fig. 2, we have
depicted the region of parameter-space (µ–λ plane) which is consistent with the upper bound
on the absolute neutrino mass scale. In Fig. 2, we have assumed three different values of
f 5
2(
3
2)
of the same order of magnitude as the SM charged lepton Yukawa couplings. It can
be seen from Fig. 2 that only smaller values of µ and λ are allowed. This has important
consequences on the scalar mass spectrum and hence, on the collider phenomenology of this
model.
At tree level, the mass of the doubly charged fermion (E++) is given by the parametermE .
Being charged under the U(1)Y , mE receives radiative corrections from the loops involving
photon and Z-boson. The Yukawa interactions in Eq. 2.2 also contribute to the radiative
corrections via loops involving a heavy scalar and a SM lepton. However, these corrections
are suppressed by the Yukawa couplings. The corrections involving the SM gauge bosons in the
loop are also estimated to be small (of the order of few hundred MeVs) [119]. Therefore, one
can safely neglect the radiative corrections to mE in the context of the collider analysis. The
tree level masses for the singly (φ±3
2
) and triply (φ3±5
2
) charged scalar are given by mφ± = m 3
2
and mφ3± = m 5
2
, respectively, whereas, the masses of the physical doubly charged (H±±i )
scalars are given by the eigen values of the mass matrix in Eq. 2.4. Since the allowed values
of λ and µ (see Fig. 2) are constrained from the upper bound on the absolute neutrino mass
– 10 –
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Figure 3: Feynman diagrams showing the Drell-Yan (left panel) and photo-fusion (right
panel) pair production of doubly charged fermion and their subsequent decay into the SM
leptons.
scale, the mixing between the doubly charged scalars (φ±±5
2(
3
2)
and k±±) are small and hence,
H±±1 , H
±±
2 and H
±±
3 are dominantly φ
±±
5
2
, φ±±3
2
and k±±, respectively. Mixing between the
doubly charged scalars gives rise to small mass splitting between triply(singly) charged scalar
φ3±5
2
(φ±3
2
) and the corresponding doubly charged scalar H++1 (H
++
2 ). At the leading order in
λ and µ, the mass splitting can be calculated as,
mφ3±(±) −mH±±
1(2)
≈ v
2
8m 5
2(
3
2)
 4µ2
m2k −m25
2(
3
2)
+
λ2v2
m23
2(
5
2)
−m25
2(
3
2)
 , (2.10)
for m 5
2
6= m 3
2
< mk. For TeV scale masses of the heavy fermion/scalars and λ v ∼ µ ∼ 102
GeV (the largest possible values consistent with the bound on absolute neutrino mass scale),
the mass splittings (due to the mixing between doubly charged scalars) between φ3± and
H±±1 as well as φ
± and H±±2 are estimated to be of the order of few tens of MeVs. Radiative
corrections also contribute to mass splittings between different components of the scalar
doublets. In the context of present scenario, the mass splittings due to radiative corrections
are estimated to be of the order of GeV [119]. In particular, the radiative splitting between
the triply- and doubly-charged component of the Y = 52 doublet is estimated to be mφ3± −
mH±±1
∼ 52αEM mZ ∼ 1.8 GeV. Whereas, the loop induced splitting between doubly- and
singly-charged component of the Y = 32 doublet is given by mH±±2
−mφ± ∼ 32αEM mZ ∼ 1.1
GeV. These splittings are small, though they play a crucial role in determining the decays of
the (multi-)charged scalars which will be discussed in details in section 4. To summarize, the
scalar spectrum of this model contains a degenerate pair of triply (φ3±) and doubly (H±±1 )
charged scalars (mφ3± ≈ mH±±1 ≈ m 52 ), another degenerate pair of singly (φ
±) and
doubly (H±±2 ) charged scalars (mφ± ≈ mH±±2 ≈ m 32 ) and a doubly charged scalar, H
±±
3
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Figure 4: (Left panel) Drell-Yan (σqq¯) and photon-fusion (σγγ) contributions to the pair production of
doubly charged fermions are presented as a function of mE at the LHC with 13 TeV center-of-mass energy.
(Right panel) The model prediction for the total (σqq¯+σγγ) production cross-section of E
±±-pairs is presented.
Inset shows the ratio of photon-fusion and Drell-Yan contribution. The gray solid line corresponds to the
ATLAS observed 95% CL upper limit on the pair production cross-section (σ95Obs) of long-lived doubly-charged
particles (DCPs) [87].
(mH±±3
≈ mk).
After introducing the phenomenological model, we are now equipped enough to discuss
it’s signatures at the LHC. However, before going into the discussion of collider signatures, it
is important to discuss about the low-energy constraints on the parameter space of this model
resulting from the observables like, lepton-flavor violations, muon g − 2, oblique parameters
e.t.c. It has been shown in Ref. [40] that the discrepancy between the experimental measure-
ment and the SM prediction of muon magnetic moment (g − 2)µ [120–123] can be explained
for a substantial part of the parameter space while satisfying the experimental upper bounds
[124–127] on the lepton-flavor violating decays like, µ → eγ, τ → eγ, τ → µγ e.t.c.
Whereas, the contributions to the oblique parameters [40] are automatically suppressed due
to the degeneracy between φ3±5
2
(φ±3
2
) and H±±1 (H
±±
2 ).
3 Phenomenology of doubly charged fermion
In this section, we will discuss the collider signatures of the doubly charged fermion (E±±).
The Lagrangian (see Eq. 2.1, 2.2 and 2.3) of this model does not allow single production8 of
E±±. However, the doubly charged fermion can be pair produced via the gauge interactions
with the SM photon and Z-boson (see Appendix A). The pair production of E±± at the
8The doubly charged fermion can be singly produced in association with a SM lepton and a heavy multi-
charged scalar via the Yukawa interactions in Eq. 2.2. Such single production cross-sections are suppressed by
the small Yukawa couplings as well as the additional propagator and 2 → 3 phase-space. However, we do not
consider such process as the single production of E±± because of the presence of a heavy multi-charged scalar
in the final state.
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hadron colliders takes place via quark anti-quark initiated DY process with a photon (γ) or
Z-boson in the s-channel as shown in Fig. 3 (left panel). Being electrically charged, E±± can
also be pair produced via photo-fusion (γγ → E++E−−) process as shown in Fig. 3 (right
panel). The photo-fusion (PF) of E±± pairs take place via the exchange of a E±± in the
t/u-channel and hence, is relatively less suppressed by the parton center-of-mass energy as
compared to the s-channel DY production. Moreover, E±± being a doubly charged particle,
the PF cross-section is enhanced by a factor of 24 at the Born level. However, it is also
important to note that photons, being electromagnetically interacting, are associated with
small parton density at the LHC. In fact, the parton density of the photon is so small that
most of the older versions of parton distribution functions (PDF’s) do not include photon as a
parton. However, inclusion of the photon as a parton with an associated parton distribution
function is necessary if one wants to include QED correction to the PDF. In the era of
precision physics at the LHC when PDF’s are determined upto NNLO in QCD, NLO QED
corrections are equally important for the consistency of calculations. Moreover, for some
processes, PF could become significant (or even dominant in some cases) at high energies. In
view of these facts, different groups (NNPDF, MRST, CTEQ e.t.c. [128–131]) have already
included photon as a parton with an associated parton distribution function into their PDF
sets. In this work, we have considered both DY and PF pair production of the doubly charged
fermion. The total pair production cross-section at the LHC is given by,
σ(pp → XX¯) =
∫
dx1dx2 fγ/p
(
x1, µ
2
F
)
fγ/p
(
x2, µ
2
F
)
σˆγγ
+
∑
q,q¯
∫
dx1dx2 fq/p
(
x1, µ
2
F
)
fq¯/p
(
x2, µ
2
F
)
σˆqq¯, (3.1)
where, fi/p
(
x, µ2F
)
s are the parton distribution functions for the ith parton, σˆγγ and σˆqq¯ are
the partonic PF and DY pair production cross-sections, respectively, µF is the factorization
scale. At the leading order, σˆPF (γγ → E++E−−) and σˆDY
(
qq¯ → EE¯) are given by,
dσˆEE¯qq¯
dΩ
=
α2EM
3sˆ3
[(
Qq − T3,q −Qqsin
2θW
cos2θW
sˆ
sˆ−m2Z
)2
+Q2q
(
1 + tan2θW
sˆ
sˆ−m2Z
)2]
×
√
1− 4m
2
E
sˆ
[(
m2E − uˆ
)2
+
(
m2E − tˆ
)2
+ 2m2E sˆ
]
,
dσˆEE¯γγ
dΩ
=
8α2EM
sˆ
√
1− 4m
2
E
sˆ
[
sˆ
(
sˆ+ 4m2E
)− 8m4E(
m2E − tˆ
) (
m2E − uˆ
) − 4m4E(
m2E − tˆ
)2 − 4m4E(
m2E − uˆ
)2 − 2
]
,(3.2)
where, sˆ, tˆ and uˆ are the usual Mandelstam variables, αEM and θW are the fine-structure
constant and the Weinberg angle, respectively, whereas, Qq and T3,q refer to the charge and
the 3rd component of isospin of the corresponding quarks in the initial state.
We have developed a parton-level Monte-Carlo computer program for the numerical evalu-
ation of the integration in Eq. 3.1. We have used the NNPDF23LO [128] parton distribution
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functions with the factorization (µF ) and renormalization scales kept fixed at the subprocess
center-of-mass energy
√
sˆ. In the left panel of Fig. 4, we have presented the DY (σqq¯) and
the PF (σγγ) production cross-section of EE¯-pairs as a function of doubly charged fermion
mass (mE) at the LHC with 13 TeV center-of-mass energy. The ensuing total (σqq¯+σγγ) pair
production cross-section is presented in the right panel of the Fig. 4. In the inset of Fig. 4
(right panel), we have presented the ratio of the PF and the DY production cross-sections
as a function of mE . Fig. 4 (left panel and also the inset of the right panel) shows that
DY production rate is larger than the PF production rate for the doubly charged fermion
mass lighter than about 800 GeV. In this region, PF production constitutes a relatively large
fraction (about 10% to 50% depending on the value of mE) of the total cross-section and
hence, can not be neglected. For large doubly charged fermion masses (mE > 800 GeV), DY
production, being a s-channel process, suffers larger suppression compared to the t/u-channel
PF production and hence, σγγ dominates over σqq¯. The total pair production cross-section
varies from a few pb to 0.1 fb as we vary mE over a range 100–1400 GeV. Once produced, the
doubly charged fermion decays (directly or via cascade involving heavy multi-charged scalars)
into the SM leptons and/or gauge bosons giving rise to multi-lepton final states at the LHC.
3.1 Decay of E±±
The decays of the doubly charged fermion, which will be discussed in this section, play a
crucial role in determining the signatures of E±± at the LHC. The Yukawa interactions in
Eq. 2.2 result into couplings involving a doubly charged fermion, a multi-charged scalar and
a SM lepton (see Appendix A). Therefore, if kinematically allowed (mE > m 5
2
and/or m 3
2
),
E±± undergoes 2-body decays into a multi-charged scalar in association with a SM lepton:
E±± → φ±l±, φ3±l∓ and H±a νl, where l includes all three generations of the SM leptons
namely, electron (e), muon (µ) and tau (τ), and νl is the l-neutrino. The partial decay widths
for the 2-body decay modes of E±± are given by,
Γ
(
E±± → φ±(3±) + l±(∓)
)
=
∣∣∣f 3
2(
5
2)
∣∣∣2
32pi
mE
1− m232( 52)
m2E
2 ,
Γ
(
E±± → H±±a + νl
)
=
∣∣∣f 5
2
Oa1
∣∣∣2 + ∣∣∣f 3
2
Oa2
∣∣∣2
32pi
mE
(
1− m
2
Ha
m2E
)2
, (3.3)
where, Oa1 and Oa2 are the elements of doubly charged scalar mixing matrix defined in
Eq. 2.5.
If the 2-body decays of E±± are kinematically forbidden i.e., mE < m 3
2(
5
2)
, E±±
undergoes tree-level 3-body decays into a neutrino in association with a pair of same-sign
SM charged lepton. The 3-body decays proceed through an off-shell doubly charged scalar as
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Figure 5: Feynman diagram showing the tree-level 3-body decay of the doubly charged
fermion (E±±).
depicted in Fig. 5. The partial decay width of the 3-body decay is given by,
Γ
(
E±± → νl′ l±l±
)
=
f2k
512pi3
mE
3∑
a=1
O2a3
(∣∣∣f 5
2
Oa1
∣∣∣2 + ∣∣∣f 3
2
Oa2
∣∣∣2) I (m2Ha
m2E
)
, (3.4)
where,
I(x) =
∫ 1
0
dξ1
∫ 1
0
dξ2
ξ2 (1− ξ2)2
(ξ2 − x)2
.
The branching ratios for the different decay modes of E±± are presented in Fig. 6 as a
function of mE . We have assumed f 5
2
= f 3
2
= 2 × 10−4 and the other parameters are
given by m 5
2(
3
2)
= 1.2(1.4) TeV, mk = 1.5 TeV, µ = µ
′ = 100 GeV λ = 5 × 10−3 and
fk = 1
9. Fig. 6 shows that E±± dominantly decays into a SM lepton plus a heavy charged
scalar when kinematically allowed. Same branching ratios for H±±1 ν(H
±±
2 ν) and φ
3±l∓(φ±l±)
decay modes are a consequence of the fact that H±±1 (H
±±
2 ) dominantly belongs to the scalar
doublet which also includes φ3±(φ±) and hence, both decay widths are determined by the
same Yukawa coupling (see Eq. 2.2). H±±3 being dominantly the singlet doubly charged
scalar (k++), the decay E±± → H±±3 ν is suppressed by the mixing (O31 and O32) in the
doubly charged scalar sector and hence, is not visible in Fig. 6. When the 2-body decays
are kinematically forbidden, E±± undergoes 3-body decay into l±l±ν with 100% branching
fraction. In the inset of Fig. 6, the total decay width (ΓTOT ) is presented as a function of mE .
When 2-body decays are kinematically allowed, the total decay width O
(
f25
2(
3
2)
mE/32pi
)
is
large (ΓTOT > 10
−13 GeV) enough to ensure the prompt decay of EE¯ pairs produced at
the LHC. However, Eq. 3.4 shows that the 3-body decays are suppressed by small Yukawa
couplings (f 5
2(
3
2)
) as well as by one of the off-diagonal element of the doubly charged scalar
mixing matrix, O. The inset of Fig. 6 shows that for mE < m 5
2(
3
2)
where only 3-body
9The Yukawa couplings involving a doubly charged singlet scalar and two SM right-handed leptons are not
constrained from the upper bound on the absolute neutrino mass scale and hence, could be large. In fact,
large fk is required to ensure prompt decay of E
±± when 2-body decays are forbidden.
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Figure 6: Branching ratios of E++ as a function of mE for m 5
2 (
3
2 )
= 1.2(1.4) TeV, mk = 1.5 TeV, µ =
µ′ = 100 GeV, f 5
2 (
3
2 )
= 2 × 10−4, λ = 5 × 10−3 and fk = 1.0. The total decay width (ΓTOT ) of E++ is
presented in the inset.
decays are kinematically allowed, the total decay width is suppressed but not suppressed
enough to ensure displaced vertex or highly ionizing track signature at the LHC. However,
this conclusion is highly dependent on the choice of parameters10 which are used to produce
Fig. 6. The 3-body decay widths depend on the Yukawa couplings and the doubly charged
scalar mixings which are determined by µ, µ′ and λ. To identify the parts of parameter
space (fk–µ plane) which give rise to prompt decay, displaced vertex and abnormally large
ionization signature [87] at the LHC, in Fig. 7, we have plotted the decay length (by color
gradient) of E±± as a function of fk and µ for a fixed value of mE = 800 GeV. The values of
other parameters are same as in Fig. 6. The three regions of fk–µ plane giving rise to prompt
decay, displaced vertex and abnormally large ionization signature are clearly indicated in
Fig. 7.
3.2 Collider signatures
After discussing the production and decay of the doubly charged fermion, we are now equipped
enough to study the signatures of E±± at the LHC with
√
s = 13 TeV. The collider signatures
of EE¯-pairs at the LHC can be broadly categorized into two classes depending on the total
decay width of E±±. If the total decay width is large enough (ΓTOT > 10−13 GeV), i.e.,
the decay length is small enough (<1 mm), to ensure the decay of E±± inside the detector,
the collider signatures are determined by the SM leptons/jets and missing energy resulting
from the decay of EE¯-pairs. However, if the doubly charged fermion is long-lived (i.e.,
10The large values for µ, λ and fk are assumed to ensure prompt decay of E
±±.
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Figure 7: The decay length (color gradient) of E±± is presented as a function of fk and µ for mE = 800
GeV. Other parameters are same as Fig. 6.
ΓTOT < 10
−16 GeV) and remains stable inside the LHC detectors i.e., the decay length is
larger than few meters, production of EE¯-pairs give rise to abnormally large ionization at
the LHC detectors [87].
3.2.1 Long-lived E±±: Abnormally large ionization signature
It has already been discussed in the previous section and shown in Fig. 7 that certain parts
of the parameter space of this model give rise to a long-lived E±± which passes the entire
LHC detectors without decaying. Being doubly charged, a long-lived E±± is highly ionizing,
and thus leave a very characteristic signature of abnormally large ionization in the detector.
This particular signature is quite interesting and clean because of the negligible background
from the SM. The SM does not have any multi-charged particle and hence, does not give rise
to large ionization at the LHC. Such signatures have already been searched by the ATLAS
collaboration [87] with 36.1 fb−1 integrated luminosity data and no such events were found. In
absence of any observed events, 95% confidence level (CL) upper limits on the pair-production
cross-sections of long-lived multi-charged particles (MCPs) as a function of MCP masses and
for different MCP charges are derived in Ref. [87]. In Fig. 4 (right panel), we have also plotted
the 95% CL upper limits on the pair-production cross-sections of long-lived doubly-charged
particles (σ95%DCPs) along with the model prediction for the EE¯-pair production cross-section.
Fig. 4 (right panel) shows that for a long-lived E±±, doubly-charged fermion mass below
about 1150 GeV is excluded from the ATLAS search for long-lived MCPs.
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3.2.2 Prompt decay of E±±: Multi-leptons signature
The signatures of doubly charged fermion with prompt decay (i.e., with large enough decay
width to ensure the decay of E±± at the production vertex) depend on the allowed decay
modes and branching ratios. As discussed in section 3.1, if 2-body decays are kinematically
possible (mE > m 5
2(
3
2)
and/or mk), E
±± dominantly decays into a heavy (multi-)charged
scalar in association with a SM lepton. The (multi-)charged scalars decay further and the
resulting collider signatures of EE¯-pair production is determined by the subsequent decays of
these (multi-)charged scalars which will be discussed in detail in the next section. If 2-body
decays of the doubly charged fermion are kinematically forbidden i.e., E±± is lighter than the
(multi-)charged scalars (mE < m 5
2(
3
2)
and mk), E
±± dominantly decays into a pair of same-
sign SM charged leptons in association with a neutrino. Therefore, for mE < m 5
2(
3
2)
and mk,
the production of EE¯-pairs at the LHC gives rise to 4-leptons and two neutrinos in the final
state. Neutrinos, being weakly interacting, remain elusive in the detector resulting in missing
transverse energy signature: pp → E±±E∓∓ → 4-leptons + ET/ . In the context of the LHC
with 13 TeV center-of-mass energy, we have studied 4-leptons plus missing energy final state
as a signature of EE¯-pair production. The 4-leptons signature has already been searched by
the ATLAS collaboration [102] as a signature of electroweakinos in the context of simplified
R-parity conserving as well as R-parity violating supersymmetric scenarios. Ref. [102] uses
36.1 fb−1 integrated luminosity data of the LHC running at 13 TeV center-of-mass energy.
Data yields are found to be consistent with SM expectations. The consistency between data
and the SM prediction results into a 95% CL upper limit on the visible 4-leptons cross-section.
We have used the ATLAS upper limit on the visible 4-leptons cross-section in the context
of our model to constrain the mass of doubly charged fermion. We have closely followed
the object (electrons, muons, jets, missing energy) reconstruction and event selection criteria
used by the ATLAS collaboration in Ref. [102].
3.2.2.1 Signal and Background
Several SM processes also result in the 4-leptons final state. The leading SM backgrounds for
4l arise from the hard-scattering processes (HSP) resulting in four or more leptons and ZZ
production followed by the leptonic decay of both the Z-bosons. Production of top anti-top
(tt¯) pairs in association with a pair of leptons (pp → tt¯Z/γ∗) contributes to the 4l background
when the tt¯-pairs decay leptonically. Production of tri-bosons (ZZZ, WZZ, and WWZ) and
Higgs boson also give rise to 4l final state. Backgrounds result from the production of tt¯tt¯,
tt¯tW , tt¯H, ZH, WH are highly suppressed due to small production cross-sections as well as
by the leptonic branching ratios. The production of tt¯, Z+jets, tt¯W , WZ+jets, WW+jets,
WWW+jets e.t.c. may also contribute to 4l background (reducible background) if one or
more jets are misidentified as leptons. Since the probability of mistagging a jet as a lepton
is small, the reducible 4l backgrounds are estimated [102] to be negligible compared to the
irreducible backgrounds. Therefore, in our analysis, we have not calculated these reducible
backgrounds.
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We have used a parton level11 Monte-Carlo program to simulate the production and sub-
sequent decays of EE¯-pairs. The phase space distributions of different kinematic variables
for the signal are also computed in the framework of the same Monte-Carlo code. Different
SM background processes are simulated at parton-level using MadGraph [132]. We have used
MadAnalysis [133] to study the MadGraph generated background events, compute different
kinematic distributions, and impose cuts on different kinematic variables. Table 2 shows a
list of the SM processes which are simulated in MadGraph to estimate the SM contribution
to 4l-background. One should note that MadGraph@parton-level can not simulate ISR jets
which might be important for some of the kinematic variables like, missing energy, effective
mass e.t.c.,. To overcome this particular drawback of the MadGraph@parton-level, we have
calculated the SM processes in association with some additional jets. For example, in the
category of HSC/ZZ, we have calculated the SM production cross-sections of two positively
charged and two negatively charged leptons in association with 0, 1, 2, and 3 additional quarks
or gluons. The MadGraph@parton-level calculated background cross-sections are found to
be consistent with the background numbers estimated by the ATLAS collaboration using
sophisticated event simulations and detector level objects (e, µ, jets, missing energy) recon-
structions.
Name Processes generated in MadGraph
HSC/ZZ 2l+2l− + upto 3 jets
tt¯ll tt¯ll + upto 1 jet( leptonic decays)
V V Z WWZ + upto 2 jets
Higgs H + upto 2 jets, WH + upto 2 jets, ZH + upto 2 jets, tt¯H
Others tt¯tt¯, tt¯W+W−
Table 2: List to the SM processes which are calculated using MadGraph-MadAnalysis frame-
work at the parton-level.
3.2.2.2 Event Selection
Since the SM contributes significantly to the final states similar to that we are interested in,
one has to carefully examine and compare the phase space distributions of different kinematic
variables for the signal as well as backgrounds and find some characteristics of our signal which
are distinct from the SM processes. The characteristics of signal and background distributions
will guide us to develop a systematic methodology of suppressing the SM backgrounds without
drastically reducing the signal.
11At the parton level, the production and subsequent decays of EE¯-pairs give rise to purely leptonic final
states without any additional quarks/gluons. Quarks/gluons might result from the initial state radiation
(ISR). However, the signal selection (which will be discussed in the next section) relies only on leptons in the
final state. Therefore, hadronization of quarks/gluons and subsequent decays of the hadrons will not have any
significant effect on the calculation of signal and background cross-sections after the acceptance/selection cuts
and hence, parton-level Monte-Carlo results can be trusted in this case.
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However, before going into the details of signal and background simulation and phase
space distributions of different kinematic variables, it is important to list the basic require-
ments for jets and isolated leptons to be visible as such. In this quest, it should be noted
though that the LHC detectors have only a finite resolution. For any realistic detector, this
is applicable to both transverse momentum (pT ) measurements as well as determination of
the angle of motion. In our analysis, we have neglected the later12 whereas, the former is
simulated by smearing the energy with Gaussian functions defined by an energy-dependent
width13 as follows:
σE
E
=
a√
E
⊕ b (3.5)
where the errors are to be added in quadrature and
a` = 0.05 , b` = 5.5× 10−3 for leptons,
aj = 0.80 , bj = 0.05 for partons.
(3.6)
In order to be visible at the LHC detectors, a jet or a lepton must have an adequately large
transverse momentum and should fall well inside the rapidity coverage of the detector. To
ensure the visibility of the jets and leptons at the LHC, we demand
pT (jet) > 20 GeV , pT (electron) > 7 GeV , pT (muon) > 5 GeV , (3.7)
and
|η(jet)| ≤ 2.8 , |η(electron)| ≤ 2.47, |η(muon)| ≤ 2.7 . (3.8)
Furthermore, we demand the leptons and jets be well separated from each other by requiring
∆Rll ≥ 0.4 , ∆R`j ≥ 0.4 and ∆Rj j ≥ 0.4 . (3.9)
where ∆R ≡√(∆η)2 + (∆φ)2. The detection and reconstruction efficiency of tau-leptons is
significantly different from the electrons and muons. Therefore, we have only considered elec-
trons and muons as leptons. Unless specified otherwise, l stands for electron and muon only
(l ⊃ e, µ) throughout the rest of this article. The requirements summarized by Eqns. (3.7–
3.9) constitute our acceptance cuts. We tried to follow the acceptance and selection criteria
used in the ATLAS search for 4l [102] as closely as possible in framework of a parton-level
Monte-carlo. With the set of acceptance cuts and detector resolution defined in Eqns. (3.7–3.9)
and Eq. 3.5, respectively, we compute the 4l14 signal and background cross-sections at the
LHC operating with
√
s = 13 TeV and display them in Table 5. Clearly, after the acceptance
12The angular resolution is, generically, far superior to the energy/momentum resolutions and too fine to be
of any consequence at the level of sophistication of this analysis.
13In general, width of the Gaussian smearing is also a function of the detector coordinates. However, we
choose to simplify the task by assuming a flat resolution function equating it to the worst applicable for our
range of interest.
14The signal and background require to have atleast 4-lepton (electron and/or muon only) in the final state.
We do not impose any condition on the number of jets in the final state.
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cuts, the SM backgrounds are order magnitude large compared to the signal. Detailed anal-
ysis of different kinematic distributions is necessary to suppress the huge contributions from
the SM background. Before moving to the discussion of different kinematic distributions and
consequently, the event selection, it is important to define two phenomenologically important
kinematic variables namely, the missing energy (ET/ ) and the effective mass (Meff) as follows,
6 ET ≡
√√√√(∑
vis.
px
)2
+
(∑
vis.
py
)2
.
Meff ≡ 6 ET +
∑
i
pT (li) +
∑
i
pT (ji), (3.10)
where, the summation runs over all visible (consistent with the acceptance cuts listed in
Eqns. 3.7–3.9) leptons and jets.
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Figure 8: (Left panel) Opposite sign dilepton invariant mass distributions (after ordering leptons according
to their pT hardness, pT (l
±
1 ) > pT (l
±
2 )) are presented after the acceptance cuts for both signal (mE = 0.8 and 1
TeV) and the SM background. Right panel top row shows Tri-lepton invariant mass (MSFOS+l) distributions.
Four lepton invariant mass distribution (MSFOS+SFOS) and effective mass (Meff ) distribution are presented
in the right panel bottom row.
To design an event selection criteria for suppressing the background without significantly
reducing the signal, one needs to understand the characteristics of the signal and background
distributions. Table 5 (2nd column) shows that after the acceptance cuts, dominant contribu-
tion to the background comes from HSP/ZZ production. The leptonic decays of the Z-boson
are characterized by a peak at Z-boson mass (mZ) in the same-flavor, opposite-sign (SFOS)
dilepton invariant mass distributions. Therefore, it is instructive to study each of the four
possible SFOS dilepton invariant mass distributions (MSFOS) namely, Ml+1 l
−
1
, Ml+1 l
−
2
, Ml+2 l
−
1
and Ml+2 l
−
2
, constructed out of the momenta of the two leading15 positively and two leading
negatively charged leptons.
In Fig. 8 (four plots in the left panel), we show the SFOS dilepton invariant mass
15We have ordered the leptons according to their pT hardness. The positively charged and negatively charged
lepton with higher (lower) pT are denoted by l
+
1 (l
+
2 ) and l
−
1 (l
−
2 ) respectively.
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ATLAS cuts
Invariant mass cuts Effective mass cuts
MOS > 4 GeV, MSFOS < 8.4 or MSFOS > 10.4,
MSFOS < 81.2 or MSFOS > 101.2
MSFOS+l < 81.2 or MSFOS+l > 101.2, Meff > 600 GeV
MSFOS+SPOS < 81.2 or MSFOS+SPOS > 101.2
Table 3: Cuts implemented in the framework of our parton-level Monte-Carlo to adhere to
the signal selection criteria proposed by ATLAS collaboration in Ref. [102].
distributions for the SM background as well as for the signal with two different values of
mE = 0.8 and 1.0 TeV. The Z-boson peak is clearly visible in the background SFOS invari-
ant mass distributions. Therefore, one can easily suppress the background contributions ZZ
by imposing Z-veto i.e., excluding the parts of phase-space giving rise to MSFOS satisfying
|mZ−MSFOS | < 10 GeV. In our analysis, we have assumed mZ = 90.1 GeV and demanded
mSFOS < 81.2 GeV or mSFOS > 101.2. To suppress the contributions from the leptonic
decay of hadrons16, we further demand the invariant mass of opposite-sign dilepton MOS to
be greater than 4 GeV and MSFOS to be outside the range 8.4–10.4 GeV. The set of cuts
on the dilepton invariant mass discussed above are also used by the ATLAS collaboration in
Ref. [102] and hence, fall in the category of ATLAS cuts defined in Table 3. Fig. 8 (left panel)
shows that the signal SFOS dilepton distributions are shifted towards the larger invariant
mass. This is a consequence of the fact that the signal leptons are coming from the 3-body
decay of E±± with a mass of the order of TeV and hence, are usually associated with large
transverse momentum. Therefore, one can introduce a lower bound on MSFOS to reduce the
background significantly while minimally affecting the signal. In addition to the ATLAS cuts
on MSFOS , we demand MSFOS > 150 GeV. This falls into the category of our proposed cuts
defined in Table 4.
Proposed Cuts
MOS > 150 GeV, MSFOS+l > 150 GeV and MSFOS+SFOS > 200 GeV
Table 4: Additional cuts proposed to enhance the signal to background ratio in the context
of this model.
In Fig. 8 (right panel), we display the (top row) tri-lepton (MSFOS+l), (left plot of the
bottom row) 4-lepton (MSFOS+SFOS), and (right plot of the bottom row) effective mass
distributions. Interestingly, the SM background in the tri-lepton (Ml+1 l
−
1 l
+
2
and Ml+1 l
−
1 l
−
2
) and
4-lepton (Ml+1 l
−
1 l
+
2 l
−
2
) invariant mass distributions are also associated with a peak at mZ .
16Our calculation of signal and backgrounds are limited to parton-level and hence, the production of hadrons
and their subsequent leptonic decays which might result in 4l final state were not considered. However, we
have used ATLAS suggested cuts to suppress these contributions which are definitely present in a collider
experiment.
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Figure 9: Same sign dilepton invariant mass (M
l+1 l
+
2
) distributions after the acceptance cuts for both signal
(mE = 0.8 and 1 TeV) and the SM background.
These peaks arise due to the radiative Z-boson decays17 into 4-leptons. To suppress this
background, we have used Z-veto on tri-lepton and 4-lepton invariant masses also. The Z-
veto cuts on MSFOS+l and MSFOS+SFOS are summarized in Table. 3. The Higgs peak as
well as the kinematic threshold of Z-boson pair-production are also visible in the background
MSFOS+SFOS distribution (see Fig. 8, left panel bottom right plot). In view of the signal
tri-lepton and 4-lepton invariant mass distributions, we propose additional lower bounds on
MSFOS+l and MSFOS+SFOS which are listed in Table 4. We present the effective mass (Meff),
defined in Eq. 3.10 as the scalar sum of the transverse momenta of all the visible particles,
as well as the total missing transverse energy, distributions for the signal and background in
Fig. 8 (left panel bottom left plot). The signal leptons are arising from the decay of TeV scale
particles and hence, the signal Meff distribution is expected to peak at TeV as can be seen
from the signal effective mass distributions in Fig. 8. Whereas, the background Meff tends to
have smaller values. As a result, effective mass is considered to be a powerful discriminator
between the new physics signals and the SM background. We demand Meff > 600 GeV
which drastically reduces the background with minimal effect on the signal. Fig. 9 shows
the invariant mass distribution of the same-sign (SS) dilepton pairs (MSS) for the signal and
background. Since any cut on MSS to suppress the background will also reduce the signal
significantly, we have not imposed any cut on MSS . Since the same-sign dilepton pairs arise
from the decay E±± → l±l±ν, the signal MSS is associated with a characteristic kinematic
17The radiative decay of the Z-boson where a photon radiated from the Z → l+l− decay converts into a
l+l− pair, is highly suppressed. However, the production cross-section of a single Z-boson at the LHC is huge.
Therefore, despite being suppressed, the radiative Z-boson decays into 4-leptons contribute significantly to the
4l final state.
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The SM background and signal Cross-sections [fb] after different cuts
The SM background Cuts
processes Acceptance Cuts ATLAS cuts ATLAS + Proposed cuts
HSP/ZZ 155.2 6.7× 10−2 1.9× 10−3
tt¯ll¯ 3.46 0.12 9.9× 10−3
Higgs 1.35 9.1× 10−3 2.1× 10−3
VVZ 0.64 7.6× 10−3 –
Others 2.8× 10−2 1.3× 10−2 4.8× 10−3
Total 160.6 0.22
(
0.28+0.06−0.06
)
1.9× 10−2
mE [TeV] Signal Cross-Sections [fb]
0.8 0.5 0.46 0.31
1.0 0.18 0.17 0.13
Table 5: Various SM backgrounds and signal cross-sections are presented after acceptance,
ATLAS and ATLAS + proposed cuts. Bracketed number in the ATLAS cuts column and
the total background cross-section row is the total background cross-section after the ATLAS
cuts estimated by the ATLAS collaboration in Ref. [102].
endpoint at mE which could be useful to determine mE after the discovery. In this work,
we restrict ourselves only to the discovery potential of this model at the LHC and do not
explore the possibilities of determining different parameters using kinematic variables. The
ATLAS suggested signal selection criteria and our proposed cuts on top of the ATLAS cuts
are presented in Table 3 and 4, respectively.
3.2.2.3 Results
The signal and the SM background cross-sections after the ATLAS cuts and proposed cuts
listed in Table 3 and 4, respectively, are presented in table 5. ATLAS cuts significantly
reduce the background cross-section. Table 5 also shows that after the ATLAS cuts, the
estimated background cross-section in the framework of our parton-level Monte-Carlo is con-
sistent (within few percent) with the ATLAS estimation of the background. This consistency
of the ATLAS and our analysis enables us to constrain the parameters (in this case mE)
of this model from the ATLAS model independent 95% CL upper limit on the new physics
contribution to 4l cross-section (σ(4l)95vis) [102] after the cuts in Table 3. Fig. 10 (left panel)
shows the variation of signal 4l cross-section (after the acceptance cuts and ATLAS cuts in
Table 3) as a function of doubly charged fermion mass, mE . The horizontal line in Fig. 10
(left panel) corresponds to the ATLAS 95% CL upper limit on the visible 4l cross-section.
Fig. 10 (left panel) clearly shows that for mE < ∼ 870 GeV, the contribution of EE¯-pair
production to visible 4l signal cross-section is larges than σ(4l)95vis. Therefore, one can set a
lower bound of about 870 GeV on the doubly charged fermion mass from the ATLAS search
for the 4l final state.
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Figure 10: (Left panel) Four lepton signal cross-section (σ4Lep) as a function of E±± mass after the cuts
(listed in Table 3) used by the ATLAS collaboration in Ref. [102]. The black solid line corresponds to the
ATLAS observed 95% CL upper bound on the visible 4-lepton signal cross-section. (Right panel) Required
luminosity for 3σ and 5σ discovery is plotted as a function of mE for the proposed event selection criteria
(listed in Table 4),
In the last column of Table 5, we have presented the background as well as the signal 4l
cross-sections after applying the proposed cuts (listed in Table 4) on top of the ATLAS cuts
(listed in Table 3). Total background cross-section is reduced by a factor of 10 as a result
of applying the cuts in Table 4. Whereas, the signal cross-sections are reduced by a factor
of 1.5(1.3) only for mE = 800(1000) GeV. In Fig. 10 (right panel), the required integrated
luminosities for the 3σ and 5σ discovery of the doubly charged fermion are presented as a
function of mE at the LHC with
√
s = 13 TeV. We define the signal to be observable with
more than Sσ significance for a integrated luminosity L if,
NS√
NS +NB
≥ S, (3.11)
where, NS(B) = σS(B)L is the number of signal (background) events for an integrated
luminosity L. Fig. 10 (right panel) shows that the LHC with 3000 fb−1 integrated luminosity
and 13 TeV center-of-mass energy will be able to probe mE upto about 1800 (1600) GeV at
3σ (5σ) significance. The shaded region of Fig. 10 (right panel) corresponds to the part of
parameter-space which is already excluded from the ATLAS 4l-search in Ref. [102].
3.3 Summary
To summarize, we have discussed the production, decay, and the resulting collider signatures
of the doubly charged fermion at the LHC with
√
s = 13 TeV. In the scenario where E±± is
lighter than the (multi-)charged scalars, E±± undergoes tree-level 3-body decays. Depending
on the total decay width of the doubly charged fermion, the collider signatures of EE¯-pair
production at the LHC are broadly classified into two categories namely, the abnormally large
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ionization signature for long-lived E±± and multi-lepton (in particular, 4-lepton) signature
for prompt E±± decay. Using the ATLAS results for long-lived MCP search, we obtain a
lower bound of about 1150 GeV on the mass of long-lived E±±. For prompt decay of E±±,
ATLAS 4l search with 36.1 fb−1 data of the 13 TeV LHC excludes mE below 870 GeV at 95%
CL. After investigating different characteristic kinematic distributions for the background as
well as the signal, we proposed additional cuts to optimize the signal to the background ratio.
With the proposed cuts, the discovery reach of the LHC with 3000 fb−1 integrated luminosity
data is estimated to be mE ∼ 1800 (1600) GeV at 3σ (5σ) significance.
4 Phenomenology of scalars
Being charged under both the SM SU(2)L and U(1)Y , the (multi-)charged scalars (φ
3±, φ±
and H±±a ) have gauge interactions (listed in Appendix A) with the SM gauge bosons, namely,
the photon and W/Z-boson. Therefore, the (multi-)charged scalars can be pair produced
or produced in association with another (multi-)charged scalar (associated production) at
the LHC. We have computed the following18 pair and associated productions of the (multi-
)charged scalars at the LHC with
√
s = 13 TeV.
pp → φ3±φ3∓, φ±φ∓, H±±a H∓∓a , H±±1 φ3∓ and H±±2 φ1∓. (4.1)
At the LHC, the pair productions are quark anti-quark (photon-photon19) initiated processes,
proceed through a γ/Z-boson (charged scalar) in the s(t/u)-channel. The photoproductions
get an extra contribution from the quartic coupling involving two photons and two (multi-
)charged scalars (see Appendix A). The associated productions get contribution from the
quark anti-quark initial state only and proceeds through a W±-boson in the s-channel. Dif-
ferent production cross-sections at the LHC have been numerically computed by integrating
the following parton-level differential cross-sections over the phase-space and parton-densities.
dσˆSS
∗
qq¯
dΩ
=
α2EM
6sˆ3
√
1− 4m
2
S
sˆ
(
uˆtˆ − m4S
)
×
QqQS + 2
(
T3,q − 2Qqsin2θW
) (
T3,S −QSsin2θW
)
sin22θW
(
1− m2Zsˆ
)

2
+ 4
T3,q
(
T3,S −QSsin2θW
)
sin22θW
(
1− m2Zsˆ
)

2 ,
dσˆSS
∗
γγ
dΩ
=
Q4Sα
2
EM
4sˆ
√
1− 4m
2
S
sˆ
[
(m2S + uˆ)
2
(m2S − uˆ)2
+
(m2S + tˆ)
2
(m2S − tˆ)2
+ 8
m4S
(m2S − uˆ)(m2S − tˆ)
]
,
18The production cross-sections of H±±a H
∓∓
b with a 6= b as well as H±±1 φ∓, H±±2 φ3∓, H±±3 φ∓ and H±±3 φ3∓
are suppressed by the mixings in the doubly-charged scalar sector and hence, not considered.
19In the context of EE¯-production at the LHC, the importance of photoproduction was discussed in section 3
which holds true for the pair production of multi-charged scalars also.
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Figure 11: The total pair production cross-sections for the doubly-charged scalar pairs (left panel) as well
as triply-charged and singly-charged scalar pairs (right panel) are presented for the LHC with
√
s = 13
TeV. The insets shows the ratio of PF and DY contributions. The grey solid lines correspond to the ATLAS
observed 95% CL cross-section upper limit (σ95Obs) on long-lived (left panel) doubly-charged particles [87].
dσˆSS
′
qq¯′
dΩ
=
α2EM
48sˆ sin4θW
√
1− 4m
2
S
sˆ
uˆtˆ−m4S(
sˆ−m2W
)2 , (4.2)
where, sˆ, tˆ and uˆ are the usual Mandelstam variables, Qq and QS are the electric charges of
the SM quark q and charged scalar S, respectively, mS is the mass of S, and T3,q as well as T3,S
are the weak isospin of quarks (T3,q =
1
2
(−12) for q ⊃ u, c , t (d, s, b)) and charged scalars
(T3,S =
1
2
(−12) for q ⊃ φ3±, H±±2 (φ±, H±±1 ) and T3,S = 0 for H±±3 )20, respectively.
To evaluate the scalar pair and associated production cross-sections at the LHC with√
s = 13 TeV, we have numerically integrated Eq. 3.1 over the NNPDF23LO [128] par-
ton distribution functions. We fix the factorization (µF ) and renormalization scales at the
subprocess center-of-mass energy
√
sˆ. The resulting scalar production cross-sections are pre-
sented in Fig. 11(pair productions) and Fig. 12 (associated productions). The insets in Fig. 11
show the ratio of the contributions from the PF and DY. Different doubly charged scalars,
being the members of different scalar multiplets with different weak isospins, couple differ-
ently with the SM Z-boson. Therefore, the DY pair production cross-sections are different
for different doubly-charged scalar pairs. However, production of different doubly-charged
scalar pairs get same contribution from PF which is the dominant contribution in the large
scalar mass region. Fig. 11 (right panel) shows that in the large mass region, σ
(
φ3±φ3∓
)
is
more than an order of magnitude bigger than σ (φ±φ∓). This can be attributed to the fact
that the photo-production of φ3±φ3∓ pairs are enhanced by a factor of 34 compared to the
20The physical doubly charged scalars (H±±a ) appear after the EWSB as mixtures of the T3 =
1
2
and − 1
2
components of the Y = 3
2
and 5
2
doublets, respectively, and Y = 2 singlet. Since the mixings in the
doubly-charged scalar sector are constrained to be small, H±±1(2) and H
±±
3 are dominantly the T3 = − 12
(
1
2
)
component of Y = 5
2
(
3
2
)
doublet and Y = 2 singlet, respectively.
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Figure 12: Production cross-section of H++1 (H
−−
1 ) in association with a φ
3−(φ3+) are plotted as a function
of mH1 at the LHC with 13 TeV center-of-mass energy.
photo-production of φ±φ∓. In Fig. 12, we have presented the production cross-sections of
H++1 (H
−−
1 ) in association with a φ
3−(φ3+) at the LHC with
√
s = 13 TeV. The difference
between σ
(
H++1 φ
3−) and σ (H−−1 φ3+) arises from the difference in the densities of the initial
state partons. The associated productions of the multi-charged scalars, being mediated by
the W -boson in the s-channel, are completely determined by their SU(2)L charges. There-
fore, the production cross-sections σ
(
H++2 φ
−) and σ (H−−2 φ+) are identical to σ (H−−1 φ3+)
and σ
(
H++1 φ
3−), respectively, and hence, are not shown separately. After being produced at
the LHC, the multi-charged scalars decays into the SM leptons and/or bosons giving rise to
multi-lepton final states which will be discussed in the following.
4.1 Decay of multi-charged scalars
The collider signatures of the multi-charged scalars crucially depend on their decays which
will be discussed in this section.
4.1.1 Triply- and singly-charged scalar decay
If kinematically allowed i.e., m 5
2(
3
2)
> mE , the triply-(singly-)charged scalar can decay into
a doubly-charged fermion in association with a SM charged lepton: φ3±(±) → E±±l±(∓).
Other possible 2-body decays of the triply-(singly-)charged are the decays into one of the
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φ3±(±)
W±(∓)
Ha
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l±
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φ3±
W±
H1
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e±
νe
Figure 13: Feynman diagram showing the tree-level 3-body decays of the triply-(singly-
)charged scalars (φ3±(±)).
doubly-charged scalars and a W -boson: φ3±(±) → H±±a W±(∓). The partial decay widths for
the 2-body φ3± (φ±) decays are presented in the following:
Γ
(
φ3±(±) → E±±l±(∓)
)
=
∣∣∣f 5
2(
3
2)
∣∣∣2
16pi
m 5
2(
3
2)
(1− xE) ,
Γ
(
φ3±(±) → H±±a W±(∓)
)
=
αEM
∣∣Oa1(2)∣∣2
8 sin2θW
m 5
2(
3
2)
λ
1
2 (1, xHa , xW ) η (xHa , xW ) , (4.3)
where, λ(x, y, z) = x2 + y2 + z2 − 2xy − 2yz − 2xz, η (x, y) = y − 2 − 2x + (1−x)2y and
xi = m
2
i /m
2
5
2(
3
2)
. It is important to note that the smallness of neutrino masses implies close
degeneracy between φ3± (φ±) and H±±1
(
H±±2
)
i.e., mφ3±(φ±) ≈ mH±±1 (H±±2 ) ≈ m 52( 32).
Therefore, the 2-body decay φ3± (φ±) → H±±1
(
H±±2
)
+ W± is kinematically forbidden.
However, φ3± undergoes 2-body decay into H±±2(3) + W
± if m 5
2
> m 3
2
(k) + mW . On the
other hand, in the region of parameter space defined by m 3
2
> m 5
2
(k) + mW , the decay
φ± → H±±1(3) +W∓ is allowed. If all the aforementioned 2-body decays are kinematically for-
bidden for φ3± (φ±) i.e., m 5
2(
3
2)
< mE , mk and m 3
2(
5
2)
, the triply-(singly-)charged scalar un-
dergoes tree-level 3-body decay into l±l±W±(∓). The 3-body decay φ3± (φ±) → l±l±W±(∓)
proceeds through a off-shell doubly charged scalar as depicted in Fig. 13(left panel). The
partial width for the decay φ3± (φ±) → l±l±W±(∓) is given by,
Γ
(
φ3±
(
φ±
) → l±l±W±(∓)) = αEM |fk|2
128pi2 sin2θW
m 5
2(
3
2)
∑
a,b
(
Oa3Ob3Oa1(2)Ob1(2)
)
I (xHa , xHb) ,
where, xi =
m2i
m25
2(
3
2)
, I (x, y) =
∫ 1
xW
dξ1
∫ ξmax2
0
dξ2
ξ2
[
(xW − ξ2)2 − 2 (xW + ξ2) + 1
]
xW (ξ2 − xHa) (ξ2 − xHb)
, (4.4)
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µ=0.1 GeV, H1(eν+ud)
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µ=0.1 GeV, W+ l+l+
µ=1.0 GeV, W+ l+l+
Figure 14: (Left panel) The branching ratios of φ3+ is presented as a function of mφ3+ for m 3
2
=
1.6 TeV, mk = 1.2 TeV, mE = 1.4 TeV, µ = µ
′ = 0.1 GeV, f 5
2 (
3
2 )
= 2 × 10−4, λ = 5 × 10−3 and
fk = 1.0. (Right panel) Branching ratios of 3-body decays is shown as a function of yk for m 5
2
= 1 TeV and
two different values of µ = 0.1 and 1 GeV.
and ξmax2 = (1− ξ1)(ξ1 − xW )/ξ1. The radiative corrections induce small (of the order of a
GeV) mass splitting between the φ3± and H±±1 with the triply-charged scalar being heavier
than H±±1 . Therefore, the triply-charged scalar can decay into a on-shell H
±±
1 in association
with a e±νe or ud¯ pair via a off-shell W -boson as depicted in Fig. 13(right panel). The partial
decay width for the decay φ3± → e±νeH±±1 is given by,
Γ
(
φ3± → e±νeH±±1
)
=
α2EMO
2
11
32pi sin4θW m4W
(
mφ3± −mH±±1
)5
. (4.5)
Note that the 3-body decay of φ3± into e±νeH±±1 is suppressed by the splitting
(
mφ3± −mH±±1
)
∼ 1.8 GeV and is estimated to be of the order of 10−12 GeV. Since H±±2 become slightly
heavier than φ± after the radiative corrections, the decay of singly-charged scalar into an
on-shell H±±2 is kinematically forbidden.
Fig. 14(left panel) shows the branching ratios of φ3± into different 2- and 3-body decay
modes. We have assumed m 3
2
= 1.6 TeV, mk = 1.2 TeV, mE = 1.4 TeV, µ = µ
′ =
0.1 GeV, f 5
2(
3
2)
= 2 × 10−4, λ = 5 × 10−3 and fk = 1.0. Obviously, the 2-body decays
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dominates over the 3-body decays as long as the 2-body decays are kinematically allowed i.e.,
mφ3± > mE or m 5
2
(k). Fig. 14(left panel) also shows that for mφ3± < mE and m 5
2
(k), the 3-
body decay into a W -boson in association with a pair of same-sign lepton dominates over the
3-body decay into a H++1 plus a e
+νe or ud¯ pair. Eq. 4.5 shows that the partial decay widths
for φ3+ → H++1 e+νe and H++1 ud¯ are completely21 determined by the SM parameters only.
Whereas, Γ
(
φ3± → l±l±W±) depends on the Yukawa coupling fk as well as on the mixing
in the doubly-charged scalar sector. In Fig. 14(right panel), we have presented the 3-body
decay branching ratios of φ3± as function of fk for two different values of µ = 0.1 and 1
GeV. For smaller mixing (i.e., smaller µ) between φ±±5
2
and k±±, 3-body decay via an off-shell
W ∗-boson dominates. The partial decay width Γ
(
φ3± → l±l±W±) become significant for
larger fk and µ. Decay branching ratios for the possible 2-body decays of φ
± are similar to
that of φ3± and hence, are not shown separately. However, φ± being lighter than H±±2 , the
3-body decays φ± into an on-shell H±±2 in association with a e
−ν¯e(e+νe) or u¯d(ud¯) pair are
kinematically forbidden. Therefore, for m 3
2
< m 5
2
, mk or mE , φ
± decays into a W -boson
in association with a same-sign dilepton pair with 100% branching ratio.
4.1.2 Doubly-charged scalar decay
Doubly charged scalars, being charged under the SU(2)L and U(1)Y , has gauge coupling
with another (multi-)charged scalar and a W/Z-boson. If kinematically allowed, the doubly-
charged scalars undergo 2-body decay into a lighter (multi-)charged scalar and a W/Z-boson:
H±±a → φ3±(±)W∓(±) and H±±a → H±±b Z. After the EWSB, the scalar potential in
Eq. 2.3 gives rise to interactions involving two doubly-charged scalar and a SM Higgs bo-
son (see Appendix A for details). Therefore, doubly-charged scalar can decay into a SM
Higgs in association with another doubly-charged scalar: H±±a → H±±b h. The doubly-
charged scalars can also decay into E±±νl or l±l±-pairs via the Yukawa interactions in Eq. 2.2:
H±±a → E±±νl or l±l±. The partial decay widths for the abovementioned 2-body decays
are given by,
Γ
(
H±±a → φ3±(±)W∓(±)
)
=
αEM O
2
a1(2)
8 sin2θW
mHa λ
1
2
(
1, x 5
2(
3
2)
, xW
)
η
(
x 5
2(
3
2)
, xW
)
,
Γ
(
H±±a → H±±b Z
)
=
αEM (Oa1Ob1 −Oa2Ob2)2
4 sin22θW
mHa λ
1
2 (1, xHb , xZ) η (xHb , xZ) ,
Γ
(
H±±a → H±±b h
)
=
C2ab
16pimHa
λ
1
2 (1, xHb , xh) ,
Γ
(
H±±a → E±±ν
)
=
∣∣∣f 5
2
∣∣∣2 O2a1 + ∣∣∣f 3
2
∣∣∣2 O2a2
16pi
mHa (1− xE)2 ,
Γ
(
H±±a → l±l±
)
=
|fk|2 O2a3
16pi
mHa , (4.6)
21For small mixing in the doubly-charged scalar sector, O11 ≈ 1 and the radiative mass splitting mφ3± −
m
H±±1
≈ 5
2
αEM mZ .
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Figure 15: The branching ratios of H±±1 (left panel) and H
±±
3 (right panel) are presented as a function of
the doubly-charged scalar mass. To calculate the branching ratios of H±±1(3) in the left panel (right panel), we
assume m 3
2
= 0.9 TeV, mk( 52 )
= 1.4 TeV, mE = 1.5 TeV and f 3
2
= f 5
2
= 2× 10−4, fk = 0.1
(
2× 10−3),
λ = 5× 10−3 and µ = 0.1(10) GeV. The insets show the total decay width (ΓTOT ).
where, λ (x, y, z), η (x, y) are already defined in the previous section and
Cab = µ
{
1√
2
(Oa2 −Oa1)Ob3 +Oa3 (Ob2 −Ob1)
}
+ λv (Oa1Ob2 +Oa2Ob1) . (4.7)
The left panel (right panel) of Fig. 15 shows the branching ratios of H±±1
(
H±±3
)
as a
function of the doubly-charged scalar mass. H±±1 being lighter than φ
3±, can not decay
into φ3±. However, depending on the choice of mass parameters i.e., m 5
2(
3
2)
, mk and mE ,
the decays of H±±1
(
H±±3
)
into other (multi-)charged scalars and fermion are allowed. If
the decays of H±±1
(
H±±3
)
into lighter (multi-)charged scalars or fermions are kinematically
forbidden i.e., m 5
2
(k) < m 3
2
, mk( 52)
and mE , H
±±
1
(
H±±3
)
dominantly decays into a same-
sign dilepton. In the insets of Fig. 15, we have presented the total decay width. It is important
to note that Γ
(
H±±1 → l±l±
)
(see Eq. 4.6) is suppressed by the Yukawa coupling fk as well
as by the small mixing in the doubly charged scalar sector, whereas, Γ
(
H±±3 → l±l±
)
is
suppressed only by the Yukawa coupling fk. The insets of Fig. 15 shows that the chosen
values of fk = 0.1(2× 10−3), µ = 0.1(10) GeV and λ = 5× 10−3 ensure prompt decay of
H±±1(3) at the LHC. However, it can be easily estimated from Eq. 4.6 that with the same set
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µ=0.1 GeV, l+l+
µ=1.0 GeV, l+l+
µ=0.1 GeV, φ+(eνe+ud)
µ=1.0 GeV, φ+(eνe+ud)
Figure 16: (Left panel) The branching ratios of H±±2 are presented as a function of mH2 for m 5
2
=
1.1 TeV, mk = 1.4 TeV, mE = 1.5 TeV, µ = µ
′ = 0.1 GeV, f 5
2 (
3
2 )
= 2 × 10−4, λ = 5 × 10−3 and
fk = 5× 10−2. (Right panel) Branching ratios of two possible decay modes of H±±2 for m 3
2
< m 5
2
, mk and
mE are presented as a function of fk for m 3
2
= 0.8 TeV and two different values of µ = 0.1 and 1 GeV.
of values for µ and λ, fk < 10
−3 (10−9) gives rise to a long-lived H±±1(3) which remains stable
inside the detector.
The mass of the doubly-charged scalar H±±2 is slightly larger than the mass of φ
±. The
radiative mass splitting between H±±2 and φ
± is given by mH±±2 −mφ± ≈
3
2αEM mZ ≈ 1.1
GeV. Therefore, H++2 can decay into an on-shell φ
+ in association with a e+νe or ud¯ pair.
The tree-level 3-body decay H++2 → φ+e+νe proceeds through an off-shell W -boson and
the partial decay width is given by,
Γ
(
H±±2 → e±νeφ±
)
=
α2EMO
2
22
32pi sin4θW m4W
(
mH±±2
−mφ±
)5
. (4.8)
The decay H++2 → φ+e+νe is suppressed by the small mass splitting between H±±2 and
φ±. However, if the above-mentioned 2-body decays of H±±2 are kinematically forbidden or
suppressed (by the Yukawa parameters and/or mixing), the 3-body decay could be important
and will have important consequences at the LHC which will be discussed in section 4.2. In
Fig. 16(left panel), we have presented the branching ratios of H±±2 as a function of mH2 for
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m 5
2
= 1.1 TeV, mk = 1.4 TeV, mE = 1.5 TeV, µ = µ
′ = 0.1 GeV, f 5
2(
3
2)
= 2 × 10−4, λ =
5 × 10−3 and fk = 5 × 10−2. Fig. 16(left panel) shows that for m 3
2
(k) < m 5
2
, mk and
mE , the possible decay modes of H
±±
2 are H
++
2 → l+l+ and H++2 → φ+ + e+νe/ud¯
with the same-sign dileptonic decay being the dominant one. However, the partial decay
widths of the same-sign dileptonic decays of H±±2 (see Eq. 4.6) are proportional to the f
2
k
as well as O223. Therefore, suppressed mixing between φ
±±
3
2
and k±± (i.e., smaller µ) and/or
smaller fk result into suppressed Γ
(
H±±2 → l±l±
)
and hence, enhanced branching ratio for
H++2 → φ+ + e+νe/ud¯. In Fig. 16(right panel), we have presented the branching ratios of
H++2 → l+l+ and H++2 → φ+ + e+νe/ud¯ as a function of fk for m 3
2
= 0.8 TeV and two
different values of µ = 0.1 and 1 GeV. Fig. 16(right panel) shows that for smaller values of
fk and/or µ, the kinematically suppressed 3-body decays, H
++
2 → φ+ + e+νe/ud¯, dominate
over the Yukawa and mixing suppressed 2-body decays, H++2 → l+l+. After the detailed
discussion about the possible decay modes and branching ratios of the (multi-)charged scalars,
we are now prepared enough to study their collider signatures which will be discussed in the
following.
4.2 Collider signatures
In this section, we will discuss the collider signatures of (multi-)charged scalars at the LHC
with
√
s = 13 TeV. We will also study the impact of existing LHC searches on the parameter
space of our model. In the context of the LHC phenomenology, we are particularly interested
on the lightest scalar multiplet because it will be the lightest one that will be copiously
produced and hence, more easily discovered. Therefore, the signatures of this model at
the LHC can be classified according to the hierarchy between the masses of different scalar
multiplets and the doubly-charged fermion. In our analysis, we consider four possible scenarios
defined in the following:
• Scenario I assumes m 3
2
 m 5
2
(k), mE and hence, φ
± and H±±2 , being the lightest
among the (multi-)charged scalars and fermion, are the most important in the context
of the LHC experiment. The collider phenomenology of Scenario I is determined by m 3
2
,
µ and fk. The pair and associated production of φ
±/H±±2 at the LHC are determined
by m 3
2
. Whereas, µ determines the φ±±3
2
–k±± mixing and hence, controls the branching
ratios of H±±2 . The branching ratios of H
±±
2 also depends on fk (see Fig. 16). For our
numerical calculations, we have assumed m 5
2
(k), mE ∼ 2.5 TeV and varied m 3
2
over
a range between 300–1500 GeV. Although, the collider phenomenology of Scenario I is
almost insensitive on the values of f 3
2(
5
2)
and λ, we have assumed f 3
2(
5
2)
= 2 × 10−4
and λ = 5× 10−3.
• Scenario II is defined by the mass hierarchy m 5
2
 m 3
2
(k), mE ∼ 2.5 TeV. In this
case, the signatures at the LHC are governed by the production and decay of φ3± and
H±±1 which are the lightest among the (multi-)charged scalars and fermion. The collider
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Figure 17: Distribution of no. of leptons (electron and muon only) after imposing the acceptance cuts
listed in Eqns. 3.7–3.9 is presented for Scenario I with m 3
2
= 0.8 TeV, µ = 0.1 GeV and fk = 10
−3.
phenomenology of Scenario II is mainly determined by m 5
2
, µ and fk. The values of
other collider insensitive parameters are chosen same as in the case of Scenario I.
• Scenario III assumes mk  m 3
2(
5
2)
, mE ∼ 2.5 TeV and hence, H±±3 being the
lightest one, determines the collider signatures. If H±±3 is the lightest, it decays into a
same-sign dilepton pair with 100% branching ratio. Therefore, the LHC phenomenology
of Scenario III is completely determined by the mass of H±±3 and hence, mk.
• Scenario IV corresponds to mE  m 5
2(
3
2)
, mk ∼ 2.5 TeV and hence, results into
a doubly-charged fermion as the lightest one. The phenomenology of Scenario IV has
already been discussed in section 3.
In this section, we will study the LHC phenomenology of Scenario I, II and III. Before
going into the detailed discussion about the prompt decay signatures of the above-mentioned
scenarios, we will discuss the possibility of these (multi-)charged scalars being long-lived and
hence, abnormally large ionization signatures at the LHC. In presence of the tree-level 3-
body decays via an off-shell W -boson, H±±2 and φ
3± always undergo prompt decays at the
LHC. However, H±±1(3) can be long-lived in certain parts of parameter space (see section 4.1.2).
In Fig. 11 (left panel), we have plotted the ATLAS observed 95% CL upper limits on the
pair-production cross-sections of long-lived doubly-charged particles (σ95%DCPs) along with the
model predictions for the doubly-charged scalar pair production cross-sections. Fig. 11 (left
panel) shows that for a long-lived H±±1(3), mH1(3) below about 800 GeV is excluded from the
ATLAS search for long-lived MCPs.
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In Scenario I and II22, the prompt decays of (multi-)charged scalars result in one or
more leptons, W -boson in the final state. Therefore, the pair and associated productions of
φ± and H±±2 (in the case of Scenario I) as well as φ
3± and H±±1 (in the case of Scenario II)
give rise to multi-lepton, jets and ET/ signatures at the LHC. For example, in the context of
Scenario I, φ± dominantly decays into a pair of same-sign leptons in association with a W -
boson. Whereas, depending on the choice of fk and µ, both same-sign dileptonic decays and
3-body decays into φ+e+νe/ud¯ are possible for H
++
2 . Therefore, depending on the subsequent
decays of the W -bosons, the pair and associated production of φ± and H±±2 may result into
up to 6 leptons in the final state. For Scenario I with m 3
2
= 0.8 TeV, µ = 0.1 GeV
and fk = 10
−3, Fig. 17 shows the no. of lepton (electron and muon only) distribution23
after the acceptance cuts listed in Eqns. 3.7–3.9. Six lepton final state arises only from the
pair production of φ± followed by the leptonic decay of both W -bosons and hence, is highly
suppressed. Final states with odd no. of leptons are also suppressed because of the fact that
only the production of φ±φ∓ and φ±H∓∓2 contribute to the odd lepton final state when one
W -boson decay leptonically. Whereas, dilepton and 4-lepton final states get contributions
from all possible combinations of φ± and H±±2 pair and associated productions and hence,
are enhanced. The dilepton signature suffers from huge SM background and thus, we choose
to study 4-lepton final states as a signature of (multi-)charged scalars in our model. In
section 3.2.2, 4-lepton searches (existing ATLAS search as well as our proposed search) at
the LHC have already been discussed in detail in the context of the doubly-charged fermion.
In the next section, we will study the implications of those 4-lepton searches (discussed in
section 3.2.2) in the context of the (multi-)charged scalars.
4.2.1 Four-lepton signature
Without going into the details of 4-lepton search strategies (which have already been discussed
in details in section 3.2.2), in Table 6, 4l signal cross-sections after different cuts are presented
for Scenario I and II for different values of m 3
2
and m 5
2
, respectively. The definitions of the
acceptance cuts, the ATLAS cuts and the proposed cuts can be found in Eqns. 3.7–3.9, Table 3
and Table 4, respectively. Whereas, the potential sources of 4l contributions from the SM
processes (the SM backgrounds) have been discussed in section 3.2.2.1 and the numerical
values of the SM background cross-sections after different cuts are presented in Table 5.
In Fig. 18 (left panel), we have presented the 4l signal cross-sections (after the acceptance
cuts and ATLAS cuts) for Scenario I and II as a function of m 3
2
and m 5
2
, respectively.
The horizontal line in Fig. 18 (left panel) corresponds to the ATLAS 95% CL upper limit
on the visible 4l cross-section (σ(4l)95vis) [102]. Fig. 18 (left panel) clearly shows that for
m 3
2(
5
2)
< ∼ 650(760) GeV, contribution from Scenario I(II) to the visible 4l signal cross-
22The phenomenology of Scenario III is straight forward because of the presence of a characteristic same-sign
dilepton invariant mass peak and hence, will be discussed separately.
23In order to impose the cuts and generate the distributions, we have used a parton-level Monte-Carlo
computer code. The technical details of our simulation were already discussed in section 3.2.2.
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4l signal Cross-sections [fb] after different cuts
Mass [GeV] ATLAS cuts ATLAS + Proposed cuts
m 3
2
Scenario I
650 0.32 0.27
750 0.16 0.15
m 5
2
Scenario II
750 0.34 0.27
850 0.2 0.17
Table 6: 4l signal cross-sections for Scenario I and II after the ATLAS (tabulated in Table 3)
and ATLAS + proposed cuts (tabulated in Table 4) are presented for different values of m 3
2
and m 5
2
, respectively.
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Figure 18: (Left panel) Four lepton signal cross-section (σ4Lep) as a function of m 3
2 (
5
2 )
after the selection
cuts (listed in Table 3) used by the ATLAS collaboration in Ref. [102]. The black solid line corresponds to the
observed 95% CL upper bound on the 4-lepton signal cross-section. (Right panel) With the proposed event
selection criteria (see Table 4), required luminosities for 3σ and 5σ discovery of Scenario I(II) are plotted as
a function of m 3
2 (
5
2 )
.
section is larger than σ(4l)95vis. Therefore, one can set a lower bound of about 650(760) GeV
on m 3
2(
5
2)
from the ATLAS search for the 4l final state in Ref. [102].
In Fig. 18 (right panel), the required integrated luminosities for the 3σ and 5σ discovery
of Scenario I(II) are presented as a function of m 3
2(
5
2)
at the LHC with
√
s = 13 TeV. We
found that the LHC with 3000 fb−1 integrated luminosity and 13 TeV center-of-mass energy
will be able to probe m 3
2(
5
2)
upto about 1250 (1530) GeV at 3σ significance. The shaded
region of Fig. 18 (right panel) corresponds to the part of parameter-space which is already
excluded from the ATLAS 4l-search in Ref. [102].
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4.2.2 Search for the doubly-charged scalars
One of the possible decay modes of the doubly-charged scalars is H±±a → l±l±. Therefore,
some of the 4-lepton signal events, discussed in the previous section, might contain a same-sign
pair of leptons resulting from the decay of a doubly-charged scalar. Though the branching
ratios of the same-sign dileptonic decays of the doubly-charged scalars depend on the choice of
fk and µ, it is instructive to search for invariant mass peaks in the same-sign dilepton invariant
mass distributions24. For example, in Scenario I, the doubly-charged scalar, H±±2 , dominantly
decays into l±l± for larger µ and fk and hence, one expects to observe characteristic same-sign
dilepton invariant mass peaks as a signature of H±±2 -pair production. The pair productions
H±±1 H
∓∓
1 and H
±±
3 H
∓∓
3 in Scenario II and III, respectively, always result into spectacular
same-sign dilepton invariant mass peaks (see Fig. 15 for the branching ratios of H±±1(3)). In
Scenario II, the production of φ3±φ3∓ and φ3±H±±1 followed by the decay of φ
3± into an
on-shell H±±1 also contribute to the same-sign dilepton invariant mass peaks. Fig. 19 shows
the same-flavour, same-sign (positive) dilepton invariant mass (Ml+1 l
+
2
) distributions for both
the signal (Scenario I with µ = 1 GeV and fk = 10
−2, m 3
2
= 0.6 and 0.8 TeV) and
the SM background after imposing the acceptance cuts. The signal Ml+1 l
+
2
-distributions are
characterized by a spectacular peak at m 3
2
(resulting from the production and same-sign
dileptonic decay of H±±2 ) followed by a kinematic edge (resulting from the production and
decay of φ±) at m 3
2
−mW .
Leptonic final states with a pair of prompt, isolated, highly energetic leptons with the
same electric charge are very rare in the framework of the SM. However, such final states
might have a significant rate in the framework of different BSM scenarios and thus, are
extensively studied by the ATLAS [80, 81, 105, 134–136] and the CMS [83–85] collaborations
of the LHC experiments. To constrain the parameter space of our model, we are interested
in the existing LHC searches for a doubly-charged scalar decaying into a pair of same-sign
leptons. In this work, we consider the ATLAS search [105] for an invariant mass peak in the
observed invariant mass of same-charge lepton pairs with 36.1 fb−1 integrated luminosity data
of the LHC running at
√
s = 13 TeV. The ATLAS analysis in Ref. [105] is aimed to search
for a doubly-charged scalar that is not only present in our model but also arises in a large
variety of BSM scenarios [47, 137–147]. However, the observed data is found to be consistent
with the SM predictions in all the two, three and four lepton signal regions25 considered
in Ref .[105]. In the absence of evidence for a signal, the pair production cross-section of
doubly-charged scalar, which decays into a pair of same-sign electrons/muons with a 100%
branching ratio, is excluded down to about 0.1 fb at 95% CL. In the context of our model, the
24Final states with a pair of positively charged and a pair of negatively charged lepton falls into the category
of 4-lepton final state defined in section 3.2.2.2. Therefore, two same-sign dilepton invariant mass distributions
can be constructed.
25To constrain the parameter space of our model, we have used the ATLAS 95% CL upper bound (model-
independent) on the pair production cross-section of doubly-charged scalars decaying into a pair of same-
charge leptons. The definitions of different signal regions and event selection criteria, which lead to the
above-mentioned bound, are not discussed here. We refer the interested readers to Ref. [105] for details.
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Figure 19: Same sign dilepton invariant mass (M
l+1 l
+
2
) distributions for both signal (m 3
2
= 0.6 and 0.8 TeV)
and the SM background are presented for Scenario I after imposing the acceptance cuts (listed in Eqns. 3.7–3.9)
on the 4l final state (see section 3.2.2.2 for details). We have assumed µ = 1 GeV and fk = 10
−2.
ATLAS model-independent bounds on the pair production cross-sections of doubly-charged
scalars are utilized to constrain the masses of H±±1 , H
±±
2 and H
±±
3 in Scenario II, I and III,
respectively.
Fig. 20 shows the model predictions for the doubly-charged scalar pair-production cross-
sections for Scenario I(a = 2), II(a = 1) and III(a = 3) as a function of mHa for different
values of µ and fk. The ATLAS observed 95% CL upper bound on the pair-production cross-
section of the doubly-charged scalars decaying into pair of same-sign leptons is also depicted
in Fig. 20. The model predictions for the pair productions of doubly-charged scalars followed
by the same-sign dileptonic decays significantly depend on the values of µ and fk for Scenario
I and II. This can be attributed to the fact that in presence of a second decay mode (namely,
H±±2 → φ±W ∗±), the same-sign dileptonic decay branching ratios of H±±2 in Scenario I
depend on µ and fk. In particular, larger µ and fk correspond to larger branching ratios for
H±±2 → l±l± and hence, stronger bound on mH2 from the ATLAS search for same-sign
dilepton invariant mass peak. Fig. 20 shows that mH2 below ∼ 720(430) GeV is excluded
for µ = 7 GeV and fk = 6 × 10−3(µ = 3 GeV and fk = 3.5 × 10−3). In Scenario
II, the same-sign dileptonic decays are the only allowed decay modes for H±±1 and hence,
H±±1 → l±l± has 100% branching ratio. However, the pair-production of H±±1 gets extra
contributions from the pair and associated productions of φ3± followed by the decay of φ3±
into an on-shell H±±1 . The µ and fk dependence in the theoretical predictions for the H
±±
1
(Scenario II) pair-productions in Fig. 20 arises from the µ and fk of φ
3± → H±±1 W ∗±
branching ratio (see left panel of Fig. 14). Fig. 20 shows that the ATLAS bound on the
doubly-charged scalar pair production cross-section in Ref. [105] sets a lower bound of about
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Figure 20: The pair-production cross-sections of doubly-charged scalars (H±±a where a 3 1, 2, 3) decaying
into l±l± (l 3 e, µ) are presented as a function of doubly-charged scalar mass (mHa) for different values of µ
and fk. The grey solid line corresponds to the ATLAS observed [105] model independent 95% CL upper limit
on the doubly-charged scalar pair production cross-section.
780(1130) GeV on mH1 for µ = 10 GeV and fk = 6×10−2(µ = 2 GeV and fk = 10−2). It
is clear from the previous discussion that for Scenario I and Scenario II, the lower bounds on
the masses of doubly-charged scalars crucially depends on the values of µ and fk. Therefore,
in Fig. 21, we have tabulated the lower bounds on mH1 (left panel) and mH2 (right panel) as
a function of µ and fk. Fig. 21 shows that for Scenario I(Scenario II), the lower bound on
mH2(mH1) can be as low(high) as 313(1150) GeV for smaller values of µ and fk.
4.3 Summary
The collider phenomenology of (multi-)charged scalars is discussed in this section. At the LHC
with
√
s = 13 TeV, the pair and associated production rate of (multi-)scalars (with masses of
the order of few hundred GeVs to TeV) are large enough to study their signatures. After being
produced at the LHC, φ3± and H±±2 undergo prompt decay. Whereas, for smaller values of
µ, λ and fk, the decay length of φ
±, H±±1 and H
±±
3 could be large enough to ensure the decay
of these scalars out side the LHC detector. ATLAS search for abnormally large ionization
signature to probe long-lived multi-charged particles excludes mH1(3) below about 800 GeV
for long-lived H±±1(3). The prompt decays of the (multi-)charged scalars at the LHC give rise
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Figure 21: The observed 95% CL lower limits (color gradient) on the masses of the doubly-charged scalars
in Scenario I(right panel) and Scenario II(left panel) are presented as a function of µ(x–axis) and fk(y–axis)
to interesting multi-lepton final states with characteristics kinematic distributions. We have
studied 4-lepton final states and the important results are summarized in the following:
• In Scenario I(II), m 3
2(
5
2)
is excluded below 650(760) GeV at 95% CL from the ATLAS
search for 4-lepton signatures in Ref. [102]. With our proposed 4-lepton signal selection
criteria optimized for this model, the expected reach of the LHC with 3000 fb−1 is
estimated to be 1250(1530) GeV for m 3
2(
5
2)
in the context of Scenario I(II).
• The ATLAS search [105] for doubly-charged scalars using the observed invariant mass
of same-sign lepton pairs at the 13 TeV LHC with 36.1 fb−1 integrated luminosity data
puts an upper limit of about 730 GeV on mH3 in Scenario III. Whereas, the observed
upper limits on mH2(1) in Scenario I(II) varies in range 313–720(1150–780) GeV as we
vary the values of µ and fk from smaller to larger.
• In the context of Scenario I, It is important to note the complementarity between the
ATLAS searches in Ref. [102] and Ref. [105]. For larger values of µ and fk, stronger
bound on mH2 (and hence, m 3
2
) results from the ATLAS search for same-sign dilepton
invariant mass peak in Ref. [105]. Whereas, the 4-lepton search in Ref. [102] yields the
most stringent bound on m 3
2
for the smaller values µ and fk.
• For Scenario II, however, the strongest bound on m 5
2
always arises from same-sign
dilepton invariant mass peak search in Ref. [105] regardless of the values of µ and fk.
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5 Conclusion and Outlook
We studied the phenomenology of a model that generates neutrino masses at a 1-loop level.
To realize the Weinberg operator at 1-loop level, the model includes additional scalar doublets
and singlet as well as fermion singlets in the framework of the SM gauge symmetry. Usually,
loop induced neutrino mass models require some additional symmetry to forbid tree-level
seesaw contributions to the Weinberg operator. However, in our model, the additional fields
and their gauge quantum numbers are chosen in such a way that the couplings, which give rise
to the Weinberg operator at tree-level, are absent and hence, the tree-level contributions to
the neutrino masses are forbidden without any additional symmetry. Apart from effortlessly
explaining neutrino oscillation data with Yukawa couplings of the order of the SM charged
lepton Yukawa couplings, the model can explain the discrepancy between the experimental
measurement and the SM prediction of muon magnetic moment (g − 2)µ and gives rise to
interesting signatures at the collider experiments.
In this work, we have studied the neutrino and collider phenomenology of this model.
After fitting the neutrino masses and mixings, we studied the constraints resulting from the
upper bound on the absolute neutrino mass scale. In this model, the absolute values of the
neutrino masses depend on the Yukawa couplings, masses of heavy fermions/scalars and the
mixings between the doubly-charged scalars i.e., on the cubic (µ, µ′) and quartic (λ) terms
in the scalar potential. We found that the lower region of the µ–λ plane is consistent with
the upper bound on the absolute neutrino mass scale for Yukawa couplings of the order of
10−3–10−4 and TeV scale masses of the newly introduced scalars and fermions. We studied
the production, decay, and the resulting collider signatures of these TeV scale fermion/scalars
in the context of the LHC experiment.
Being (multi-)charged, the heavy-fermion and the scalars are pair-produced via Drell-
Yan or photon-fusion processes at the hadron colliders. We have shown that at the LHC
with
√
s = 13 TeV, the photoproduction, being enhanced by a factor of Q4 where Q is the
electric charge of the final state fermion/scalars, contributes significantly (even dominantly in
some cases) to the total pair-production cross-sections and hence, cannot be neglected. The
associated productions of the TeV scale scalars have also been considered. The signatures of
these fermion and scalars at the LHC crucially depend on their subsequent decays. Depending
on the total decay widths of these TeV scale particles, we have classified the collider signatures
into two categories.
Prompt Decay Signatures: If the particle decay width is large enough to ensure prompt
decay at the LHC, we studied multi-lepton (in particular, 4-lepton) signatures. Bounds on
the masses of the new scalars and fermion are derived from ATLAS search for 4l [102] at the
LHC with
√
s = 13 TeV and 36.1 fb−1 integrated luminosity. We found that the doubly-
charged fermion mass below 870 GeV is excluded. Whereas, the bounds on the masses of
the multi-charged scalars vary between 650–760 GeV depending on the hypercharges. The
ATLAS 4l search strategy in Ref. [102] is designed to search for electroweakinos in the context
of supersymmetric scenarios. We have proposed a new set of kinematic cuts to maximize
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the 4l signal to background ratio in the context of our model and shown that the reach of
the LHC could be significantly improved with the proposed event selection criteria. The
production and subsequent same-sign dileptonic decays of the doubly-charged scalars give
rise to characteristic same-sign dilepton invariant mass peak signature which has already
been studied by the ATLAS collaboration in Ref. [105]. We recast the ATLAS results in
Ref. [105] in the context of our model and obtain bounds on masses of the doubly-charged
scalars. In the context of our model, we found complementarity between ATLAS searches in
Ref. [102] and [105].
Highly Ionizing Charge Tracks: The 2-body gauge decays for the lightest of the newly
introduced TeV scale scalars/fermion are kinematically forbidden. The remaining Yukawa
induced 2-body decays or tree-level 3-body decays are suppressed by several factors like, the
Yukawa couplings, mixings in the doubly-charged scalar sector, phase-space e.t.c. Note that
the upper bound on the absolute neutrino mass scale gives rise to stringent constraints on
the Yukawa couplings and mixings in the doubly-charged scalar (i.e., the values of µ, µ′ and
λ) sector. As a consequence, the doubly-charged fermion or scalars become long-lived in a
significant part of the allowed parameter space. A long-lived multi-charged scalar/fermion is
highly ionizing, and thus leave a very characteristic signature of abnormally large ionization
at the LHC. Using the results from the ATLAS search [87] for abnormally large ionization
signatures, we obtain lower bounds of about 1150 GeV and 800 GeV on the masses of the
long-lived doubly-charged fermion and scalars, respectively.
We mention in closing that we obtained bounds on the parameter-space a collider testable
radiative seesaw model. Our collider analysis is limited to parton-level Monte-Carlo and
hence, cannot simulate ISR, FSR, and subsequent hadronization of the final state quarks and
gluons. As a result, we have only considered purely leptonic final states. In this work, we
have discussed the collider signatures of the lightest non-SM scalars/fermion and derived the
collider bounds on their masses from the LHC with
√
s = 13 TeV and 36.1 fb−1 integrated
luminosity data. It is important to note that the next-to-lightest non-SM scalars/fermion
dominantly decay into the lightest non-SM scalars/fermion in association with an SM gauge
boson (W/Z-boson) or a Higgs boson. Therefore, the production and subsequent decays
of the next-to-lightest non-SM scalars/fermion in the framework of this model give rise to
interesting di-boson (Higgs, W/Z-boson) in association with multiple leptons signatures at
the LHC. This is beyond the scope of this article to consider all those possible final states.
However, this article will surely pave the way for such phenomenological studies.
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Appendix
A List of Feynman Rules
Aµ
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p1
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: i2eδab (p1 − p2)µ
W
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Zν
Zµ φQ+
φQ−
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2
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Aν
Zµ φQ+
φQ−
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